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The  computer  is  the  dynamo  of  the  information  age.  The  raw  computing  power 
currently  availabr^s  in  a  desktop  computer  far  outstrips  what  was  commonly 
available  on  mainfhanes  twenty-five  years  ago.  Hie  software  now  available  to  us 
is  perhaps  even  nooie  levohitionary  than  the  raw  power;  it  has  led  u>  fundamentally 
new  wsrys  to  interaa  with  the  computer  Computers  are  revolutionizing  activities 
ranging  from  accounting  to  composing  rock  music.  Physics  researchers, 
accustomed  to  being  at  the  fcHefront  of  technology,  have  been  deq)ly  affected  by 
the  computer  revolution.  This  effect  has  serious  implications  for  both  how  we 
teach  physics  and  what  we  teach. 

The  question  is  not  whether  the  computer  can  be  used  to  teach  physics.  It  is 
bdng  used  to  leach  phy'^ics  Rather,  the  question  is  how  the  computer  can  be  used 
to  teach  physics  most  effectively.  The  potential  conuibutions  of  the  computer  to 
the  teaching  of  physics — and  to  the  understanding  of  physics — are  immense.  We 
must  take  this  opportunity  to  think  hard  about  what  we  really  watit  our  students  to 
learn*  The  coir  puter  can  let  us  rearrange  the  curriculum  into  units  compelled  by  the 
logical  procn;Ssion  of  the  material  instead  of  by  the  computational  limitations  of 
our  sUkIci..  or  the  physical  limitations  of  our  laboratory  facilities. 

But  if  we  are  to  use  the  q;)portunity  of  the  computer  revolution  to  rethink  the 
physics  cuiriculum,  we  must  be  realistk:  and  thorough.  We  must  b^in  the  task  of 
curriculum  reform  by  rethinking  both  content  and  delivery  at  all  levels.  Standard 
physics  texts  link  courses  from  the  high  school  to  the  graduate  level,  and  these 
links  are  interdependent  The  innovations  in  how  we  teach  are  now  happening  at 
all  levels — from  the  elem^tary  school  to  the  graduate  school.  Thus  our  reform 
efforts  will  require  the  interaction  of  state-of-the-art  researchers,  college  teachers 
interested  in  curriculum  reform,  high  school  physics  teachers,  education 
q)ecialists,  and  experts  in  high  technology. 

There  are  many  possibilities  for  using  the  computer  to  teach  physics  that  are 
obvious  and  many  more  that  we  haven't  yet  thought  of.  A  computer  in  the  physics 
classroom  can  supplement  lecture  demonstrations.  It  can  help  students  solve 
homework  problems  and  provide  drill  and  practice  when  they  don't  understand.  It 
can  help  build  their  intuition  either  directly  or  in  conjunction  with  lab  work  It  can 
help  students  take  and  analyze  data  in  the  lab,  and  it  can  let  them  begin 
independent  research  at  a  very  eariy  stage.  Some  of  these  computer  uses  will  have 
strong  positive  impacts  on  student  learning;  some  will  have  negative  impacts.  Our 
task  as  teachers  is  to  classify  uses  according  to  effectiveness.  We  must  purge  uses 
that  don*t  voik,  and  test,  refine,  and  retain  uses  that  do. 
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The  Conference  on  Computers  in  Physics 
Instruction 

To  aHow  physjcs  teachers  and  software  developers  in  physics  education  to  come 
together  and  see  the  state  of  the  art  in  using  computers  to  teach  physics,  we 
organized  a  conference  on  Computers  in  Physics  Instruction,  held  August  1-5, 
1988,  at  the  McKimmon  Center  on  the  campus  of  North  Carolina  State  University 
in  Raleigh,  North  Carolina.  Nearly  four  400  attended  from  all  over  the  United 
States  and  a  dozen  fmeign  couniries. 

The  idea  for  the  conference  evolved  from  conversations  that  took  place  among 
members  of  the  physics  community,  particularly  at  the  tnannual  meetings  of  the 
American  Association  of  Physics  Teachers  and  at  a  workshop  of  sixty  of  the 
country's  leading  [nactitioners  in  computer  teaching  held  at  Dickinson  College  in 
February  1986.  That  group  specifically  recomirended  that  a  laige  national  meeting 
beheld. 

The  conference  on  Computers  in  Physics  Instruction  included  39  invited 
lectures  and  122  contributed  pn^sentations.  The  conference  introduced  a  number  of 
innovations  in  the  hope  of  increasing  interactions  and  stimulating  future  contacts. 
Besides  the  ond  presentations,  there  were  postcr-demonstraiion  sessions,  one-hour 
mini-wwkshops,  and  "open"  computers  that  were  used  to  display,  discuss,  and 
exchange  software.  Upon  arrival,  all  conference  participants  received  a  package  of 
twenty-^  diskettes  with  thirty-five  software  programs  for  five  different  kinds  of 
computers.  (To  obtain  a  set  of  these  diskettes,  use  the  order  form  in  the  back  of  this 
book.) 


The  Proceedings 

The  invited  talks  and  conuibutions  in  these  proceedings  reflect  the  great  diversity 
of  ways  physicists  use  computers  to  teach  physics. 

One  possibility  is,  of  course,  to  use  the  computer  in  the  laboratory  to  take  data 
and  to  analyze  and  display  the  results  quickly  and  easily.  This  can  simplify  some  of 
the  technical  details  of  the  laboratory  and  expand  its  power.  The  use  of  the 
computer  for  data  acquisition  and  analysis  is  having  a  powerful  impact  on 
researchers  and  by  implicarion  on  our  training  of  graduate  students.  At  the 
introductory,  level  the  computer  can  help  clarify  the  meaning  of  the  data  and  lead 
to  substantial  improvement  in  the  student's  understanding  of  difficult  physical  laws 
and  concq)ts. 

A  second  major  use  of  the  ".omputer  is  to  build  models  and  simulate 
experiments.  Model  building  is  the  fundamental  component  of  the  theoretical  siae 
of  physics,  and  having  the  computer  available  vastly  expands  both  the  class  of 
problems  we  can  consider  and  the  kinds  of  models  we  can  build.  In  some  cases  we 
can  simulate  real-world  phenomena  that  we  arc  prevented  from  studying  in  the 
laboratory  by  constraints  of  time,  expense,  danger,  or  feasibility.  For  example. 
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planetary  motion  is  too  slow  to  permit  extended  observation  in  a  single  semester. 
But  many  orbits  can  be  simulated  and  studied  conveniently  and  quickly  on  the 
computer  screen.  Furthomore,  our  simulations  can  extend  to  **what  if 's.**  We  can 
try  models  that  do  not  occur  in  the  real  world  to  see  what  the  implication  would  be. 
What  would  haiqpen  if  we  changed  the  graiitational-fcMce  ia^  a  liaic? 

One  of  the  most  valuable  uses  of  singulation  is  to  allow  :.tudcnts  to  visualize, 
thiough  di^lay  and  animaUon,  concepts  tiiat  they  may  fmd  difficult  to  understand 
from  looking  at  equations  and  a  single  statk:  picture  in  a  text  A  number  of  papers 
in  this  volume  present  a  variety  of  innovative  expmp]ei»  A'  how  to  use  simulations 
in  this  way. 

In  some  areas  of  ^contemporary  physics,  computers  are  mote  than  helpful;  they 
are  essential.  Much  of  die  work  in  modem-physics  research  involves  extensive 
computation.  For  example,  the  Oelds  of  nonlinear  dynamics  and  chaos.  A  number 
of  pa^pcfs  in  this  volume  discuss  how  one  might  approach  introducing  the  concepts 
of  chaos  into  the  curriculum  using  f  e  computer.  The  subject  of  computational 
physics  is  discussed  extensively.  The  implications  of  modern  computer 
developments  for  the  research  environment  are  discussed  in  articles  on 
supercomputers  and  on  Mathematica,  a  formidable  program  that  combines 
calculation,  symbolic  mdnipc^  lion,  graphing,  and  text  processing. 

Papers  in  this  volume  also  discuss  a  diverse  variety  of  important  issues, 
including  cognitive  issues,  die  «ole  of  contemporary  physics,  and  die  use  of  die 
laserdisc.  Other  papers  deal  with  the  use  of  the  computer  as  an  instructional 
assismnt— or  evaluation  and  recording  student  performance,  and  for  keeping  track 
of  the  day-by-day  details  of  teaching,  not  only  in  physics,  but  in  any  discipline. 

Anodier  focus  is  the  practical  matter  of  producing  physics  courseware.  Several 
papers  deal  with  audioring  tools  and  programming  languages,  focusing,  on  dieir 
special  applicability  to  physics.  Specific  computer  utilities  that  allow  physics 
applications  are  also  evaluated  and  described. 

For  diose  who  wish  to  explore  die  possibilities  for  incorp(KBUng  computers  into 
piiysics  instruction  and  to  explore  programs  already  in  place,  diere  are  descriptions 
of  the  many  insUiictional  physics  projects  now  underway  in  die  United  States. 
These  projects  lani^e  from  incorporating  a  physics  curriculum  into  a  tully 
coordinated  local  area  network,  through  well-funded  microcomputer-based 
laboratories,  to  individual  efforts  to  incorporate  a  single  simulation  into  a  Uadition 
curriculum. 

Finally,  some  of  tiic  papers  deal  widi  die  central  problem  of  communicating 
with  one  another  on  die  role  of  die  computer  m  physics  teaching.  The  conference 
on  Computers  in  Physics^  InsUiiction  is  one  such  forum,  but  there  are  odiers.  Papers 
in  this  volume  discuss  the  preparation  of  educational  software  for  publication,  the 
criteria  diat  will  be  used  \o  evaluate  it,  and  various  publishing  possibilities.  There 
is,  for  example  a  discussion  of  Physics  Academic  Software^  a  joint  project  of  the 
American  Institute  of  Physics,  die  American  Physical  Society,  and  die  American 
Association  of  Physics  Teachers,  which  will  serve  as  a  new  mode  of  simplifying 
access  to  high-quality  academic  software. 
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Communicating  Teaching  Innovations 

The  conference  a.  Computers  in  Physics  Instruction  brought  some  of  the  best  and 
most  creative  workers  in  many  diverse  groups  together,  both  to  further  their 
interaction  and  to  produce  a  volume  that  would  have  a  broad  impact 

Educational  developments  seem  to  have  a  much  smaller  "'diffusion  coefficient*' 
than  conf/Sponding  innovations  in  research.  Researchers  regularly  publish  their 
work,  iqx)rt  on  it  at  conferences,  read  the  literature,  and  travel  from  university  to 
university  giving  seminars  on  their  latest  work. 

Tliere  is  a  great  deal  of  activity  in  computer  use  in  the  classroom,  but  much  of  it 
fails  to  get  published  or  disseminated  beyond  the  local  enviionment  The  American 
Association  of  Physics  Ibachers  publishes  journals  md  resource  volumes,  and 
holds  workshops  that  reach  a  significant  number  of  th^<  faithful,  but  the  large 
majmty  of  college  physics  teachers  remain  almost  completely  unaware  of  such 
efforts. 

Even  if  tliey  do  become  interested,  the  literature  is  highly  diffuse.  Important 
papers  are  reported  in  such  journal*'  «s  the  Journal  of  Research  in  Science 
Teaching  and  Computers  in  Educauof  journals  that  may  not  be  as  familiar  to  the 
research  physicist  as  The  Physical  Review  fv  ihe  Review  of  Selenitic  Instruments. 
Pan  of  what  we  are  trying  to  do  witli  this  volume  h  to  give  an  overview  of  whaf  is 
now  happening  and  to  provide  a  link  (througli  references  in  the  papers)  to  the 
rapidly  growing  relevant  literature.  We  have  assembled  a  smorgasbord  of  papcn  on 
a  wide  variety  of  topics  relating  to  the  role  of  the  computer  in  physics  education. 

The  computer  has  wrought  great  changes  in  the  practice  of  the  profession  of 
physics.  Thcs»,  changes  have  serious  implications  for  physics  teaching.  We  offer 
this  paxKcedings  lo  those  who  would  accept  both  the  changes  and  their  implications 
and  decide  to  involve  themselves  in  the  challenging  and  exciting  subject  of 
teaching  physics  with  the  computer. 

Edward  F.  Redish  and  John  S.  Rislcy,  ScicntiHc  Editors 
Nancy  H.  Maigolis,  Managing  Editor 
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What  Works:  Settings  for  Computer 
innovators  in  Physics  Education 

Edwin  F.  Taylor 

Dfpanm^cfPk^fsksMassachtttmlnakmecp^Kh^^  Cambridge,  MA  02139 


*ynM  works?-  no  Ion«iiCr  meanst  •*Whil  pit^grams  run  without  crashin^r  High- 
qualiiy  uses  of  computers  in  physics  education  now  exist  in  sufficient  quantity  that 
we  can  begin  to  stu^  sc"  >2gs  in  which  they  grow  and  are  effective. 

The  treasure  is  people.  always,  the  creator  worics  with  a  cloudy  but  com- 
pelling  vision,  in  the  chs^* !  snd  disorganization  of  the  never-befoce-iealized  As 
always,  the  innovator  apf  ^es  the  resulting  product  to  a  specific  siuiation,  finding  a 
unique  local  toophote  ttoou^  whi(A  noveUy  cm 

nurtonuice  and  antagonism.  We  have  no  definition  of  creativity  or  ^'innovative* 
ness,**  roucA  kss  a  way  to  idendfy  them  in  advance.  Instead  we  ask  a  quests 
may  have  an  answer  Given  creators  and  innovators,  how  can  they  be  encoun^? 
We  seek  a  measure  of  generality  by  viewing  half  a  dozen  creators  and  innovators 
in  Oeir  settings,  asking  retro^tively  how  those  nearby  helped  them,  or  at  least 
got  out  of  their  way. 

The  people  presented  here  are  eng&^^ed  in  a  variety  o«  projects— projects  that 
will  be  thoroughly  described  during  this  conference.  No  doubt  some  of  these 
efforts  will  survive  and  grow,  ar^  others  will  infonn  us  before  we  piiss  on  to  our 
next  preocctvation.  But  this  is  not  a  study  of  projects;  rather  it  is  a  suidy— a  few 
vignettes,  rcally~of  the  settings  in  which  projecu  originate  and  grow  to  firuition. 

In  each  of  the  following  vignettes  the  description  of  a  project  ^ind  ques^.ons 
about  a  particular  institution  are  q>itomized  in  a  single  person.  On  some  of  these 
projects  several  or  many  other  people  are  full  participants.  1  apolagi2A; idvance 
to  these  colleagues  for  over-personalizing  the  analysis  in  the  interest  of  brevity. 

My  research  methodok>(Qr  in  prq>aang  this  psiper  would  curi  the  hair  of  a  pro- 
fessional sociologist  1  chatted  with  a  few  people  and  summarized  my  own  knowl- 
edge and  pcrcq)tions.  Everyone  described  had  a  chance  to  correct  errors  in  the 
papa,  but  the  result  is  not  an  objective  stuuy.  These  are  my  friends  and  colleagues. 
I  like  them  and  admire  the  woric  ihcy  do.  But  I  will  iry  to  tell  no  lies  and  to  be  as 
balanced  and  complete  as  time  and  space  allow. 

Before  tly  professional  observers  go  to  woric  on  us,  let  us  talk  among  ourselves 
about  what  nurtures  our  own  creativity,  whm  ne&fs  to  make  for  ourselves  and  our 
projects,  what  Idnds  of  help  to  seek  out,  and  how  tc  show  ot>;e:s  that  what  we  have 
done  has  merit  and  provkles  a  payoff  for  students. 


Joe  Redish:  Project  M.U.P.P.E.T 

Professor  Edward  F,  ("Joe-)  Redish  runs  m.u.p.rb.t.,  which  stands  for  the 
Maryland  University  Physics  Project  in  Edi»cational  Technology,  The  setting  is  that 
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of  a  major  research  center,  the  flagship  university  of  the  Maryland  system  of  higher 
education.  Like  Steve  Koonin,  the  subject  of  a  later  vignette,  Joe  Redish  is  a  theo- 
retical nuclear  research  physicist  Our  task  is  to  understand  how  Project  M.u.r  '^.E.T. 
is  nurtured  in  !he  setting  of  the  University  f  Maryland,  how  Joe  Redish  juggles 
competing  demands  of  research  and  educational  innovation,  and  what  other  aspects 
of  a  miuor  university  influence  the  survival  of  educational  change  in  physics. 

Project  M.u  JiRE.T.  has  several  components,  and  Joe  Redish,  cochairman  of  this 
conference,  is  here  to  describe  them  in  a  talk  later  today.  A  major  part  of  Project 
M.uj>.p.aT.  is  a  small  introductory  class  that  he  teaches  for  proq>ectivc  physics 
majors  whe^tin  students  do  many  of  their  homeworic  exercises  by  programming 
solutions  in  Pascal.  Each  student  also  carries  oiH  an  independent  project  on  the 
computer,  solving  some  problem  of  physical  importance.  Using  computers  in  this 
way  helps  sUidents  to  analyze  realistic  systems,  such  as  projectiles  with  air  resis- 
tance or  the  large-angle  pendulum,  and  systems  whose  behavior  cannot  be 
described  in  analytic  form,  such  as  three  mutually  gravitating  bodiei;.  It  also  allows 
entirely  new  topics  into  the  curriculum,  such  as  chaotic  dynamics. 

In  addition  to  driving  m.u.p.p.e.t.,  Joe  Redish  carries  a  full  load  of  research  in 
theoretical  nuclear  physics,  being  principal  investigator  of  research  grants  totaling 
abou*  $500,000  per  year.  The  advantage  for  introductory  students  of  having  a 
teacher  who  is  a  research  worker  is  obvious:  Joe  provides  a  professional  role 
model  and  introduces  current  topics  into  the  course  as  aprropriate.  When  he  gives 
a  colloquium  in  nuclear  physics  at  another  university,  Redish  often  asks  to  give  a 
second  talk  to  the  kxal  faculty  about  his  new  class. 

The  University  of  Maryland  has  a  large  physics  dcparunent — seventy-nine  at 
my  count  in  the  dir^tory — and  no  simple  generalization  describes  their  reaction  to 
Project  M.U.PJIE.T.  Some  oppose  research  i^ysicists*  diveiting  their  energies  in  this 
way.  Others  line  up  to  help  teach  the  course.  At  least  one  fellow  faculty  member, 
who  finds  Joe  Redish  "an  exceptional  teacher  at  all  levels,'*  wonders  how  success- 
ful he  will  be  in  **passing  on  the  course  to  someone  less  joyous,  with  i  moderate 
and  decent  interest  in  computers** — the  implication  being  that  Joc*s  interest  in 
computers  is  ''indecent**  This  colleague  reports  that,  by  and  large,  '*the  faculty  is 
e:«ibracing  the  idea**  of  Redish*s  new  course. 

Grants  are  understood  ' .  a  research  university,  rnd  on  one  level  the  grant  that 
supports  M.U.P.P.E.T.,  from  mc  Fund  for  the  Improvement  of  Posl-Scrondary 
Education  (fipse),  is  just  one  more  grant,  helping  to  make  educational  innovation 
legitimate.  On  another  tevel  it  is  an  exception,  confusing  those  who  find  it  hard  to 
believe  that  one  person  can  be  heavily  involved  in  education  as  well  as  specialty 
research.  Recently  Redish  was  given  the  Leo  Schubcit  Award  for  Teaching  by  the 
Washington  Academy  of  Sciences.  He  routinely  sent  a  copy  of  th(^  award  letter  to 
the  physics  deparun^t  salary  commiuee.  Later  the  committee  chainnan  stopped 
him  in  the  hall  and  asked,  ''Have  you  then  given  up  research  entirely?** 

Many  listeners  will  recall  that  the  American  Association  of  Physics  Teachers 
(AAPT)  has  its  offices  near  the  University  of  Maryland,  and  know  that  the  depart- 
ment provides  part-time  faculty  po^iiions  to  some  in  that  organization.  You  will  not 
be  surprised  to  learn  that  AAPT  moved  to  College  Park  during  the  time  that  Joe 


Taylor  S 


Redish  was  chainnan  of  the  Maryland  Department  of  Physics  and  Astronomy.  In  a 
graceful  phrase,  Redish  says  that  AAFT  ''curves  the  local  metric*"  toward  educa- 
tion. 

Neither  the  AAPT  nor  the  activities  of  Project  m.ujire.t.  arc  much  noticed  by 
many  on  th::  physics  research  faculty,  but  both  operations  are  strongly  encouraged 
by  the  current  diairnum  and  others  in  the  higher  administration,  in  part  because  of 
the  good  publicity  they  bring  to  the  University.  The  University  of  Maryland  is  a 
state  sch^ool,  and  a  state  school  must  be  re^Kmsive  tu  the  educational  needs  of  the 
public.  In  my  superficial  investigation  there  was  conflicting  testimony  on  how 
important  this  administrative  perception  is  in  the  considerable  support  given  to 

M.UJJ».E.T. 

Joe  Redish  seems  exuberant  about  his  involvcnK^nt  in  both  educational  innova- 
tion and  research.  He  says  he  is  "teaming  a  tremendous  amount**  from  running  the 
computer*intcnsive  class,  which  provides  the  occasion  for  "thinking  through  fun- 
damental physics  subjects  in  detail**  and  stimulates  strategies  of  computer  analysis 
that  have  direct  plication  in  his  research.  For  him  it  is  "intellectually  creative/* 
and  he  does  not  xnow  when  he  will  give  up  the  exhausting  double  life. 

Once  in  a  while  you  run  into  someone  who  actually  fits  an  ideal  about  which 
we  have  become  cynical.  Such  an  ideal  is  the  professor  who  combines  education 
and  research  into  a  mutually  reinforcing  enterprise.  Joe  Redish  seems  to  have 
achieved  tS's  dynamic  golden  balance.  And  Mar>'land  is  the  research  university 
with  the  huiitan  face  that  provides  for  him  the  nourishinf  ^ng.  The  productivity 
of  the  result  is  inspiring,  while  its  rarity,  thank  goodness,  mits  the  rest  of  us  to 
go  on  being  cynical. 

Priscilla  Laws:  Workshop  Physics 

Priscilla  Laws  is  for  me  the  archetypal  educational  enu-epreneur  in  a  small  liberal 
arts  college.  Open,  energetic,  comfortable  in  many  settings,  dedicated  to  physics, 
she  is  also  aware  of  how  the  worid  works  and  is  skilled  in  building  a  local  nest  in 
which  her  project  is  nourished  and  thrives. 

Priscilla  Laws  and  cc'leagues  at  Dickinson  College  in  Carlisle,  Pennsylvania, 
run  an  introductory  physics  course  called  Workshop  Physics.  Students  in 
Workshop  Physics  spend  their  time  in  the  laboratory  carrying  out  assigned  pro- 
jects. Laboratory  woiic  makes  heavy  use  of  the  microcomputer-based  experiments 
developed  by  Bob  linker,  described  in  a  later  vignette.  Increasingly  data  sum- 
maries and  report  wri  ng  are  also  being  done  on  the  laboratory's  personal  comput- 
ers. Suidents  read  the  textbook  and  do  homework  exercises  as  usual.  The  instructor 
may  interrupt  the  students  in  the  laboratory  and  talk  for  a  while,  but  Workshop 
Physu:s  has  no  regular  lectures  of  the  kind  we  are  used  to.  For  details,  listen  to 
Priscilla  Laws*  talk  later  uxlay  and  attend  the  workshops  she  gives  during  this  con- 
ference. 

General  suf^rt  comes  from  a  fipse  grant.  But  watch  how  Priscilla  Laws  multi* 
plies  this  resource.  First,  fepse  does  not  pay  fo^  equipment,  so  Priscilla  obtatncc 
$50,000  from  her  institution  to  purchase  computers.  That  takes  chuupah.  But  what 
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takes  my  breath  away  t$  that  she  talked  the  coIl^c  into  t  '>g  the  overhead  pay- 
mem  £rom  the  FiPSB  gnmt  to  renovate  uSe  physics  bboratories  for  her  classes.  Nor 
can  she  be  said  to  have  exploited  Dickinson  in  this  xgard:  the  siKxess  of  her  fdpse 
grant  was  a  positive  factor  in  the  later  award  of  a  laige  gnrnt  to  the  college  from 
anodier  aouitc  for  discipUites  other  than  physics.  In  brief,  Priscilla  Laws  shows  us 
how  u>  follow  the  Biblical  injunction  to  ••be  wise  as  serpentf  and  innocent  as 

As  dways,  when  we  look  a  little  deqier,  things  are  not  so  neat  and  become  a  1^ 
more  ambigtious.  The  Dickinson  Collie  Department  of  Physics  and  Astronomy 
has  Ave  and  one-half  fuU-tiine<equivalent  positions  divided  among  seven  people. 
Three  of  these  people  do  research  in  the  conventional  mode  and  two  do  less  con- 
ventional research-nme  of  these  two  being  Priscilla*s  husband  Ken.  who  is  well 
known  for  hv;  studies  in  the  physics  of  ballet.  The  written  policy  of  the  colkge  in 
examining  candidates  for  tenure  and  salary  advancenoenu  is  to  consider  teaching 
ftrsi,  research/scholarship  second,  and  comn.  mity  service  third.  The  academic 
dean  and  the  personnel  committee  say  that  '**scholarship*  means  activity  that  cul- 
minates in  evaluatable  results,  and  that  the  evaluation  is  done  by  peers.  Article^  on 
the  pedagogy  one  is  implementing  is  one  form  that  we  have  lots  of  instances  of;  for 
us  that*s  just  as  good  as  original  mainstream  research.**^ 

Thus  official  Dickinson  policy.  On  the  other  hand,  outside  cvaluators  for  the 
physics  dqutftment  insist  that  faculty  should  be  more  involved  in  mainstream 
resutrch.  and  this  is  also  the  opinion  of  some  influential  college  faculty  in  other 
dcpaxtments.  Even  a  full  professor  like  Priscilla  Laws  feels  the  influence  of  the 
unofficial  presumption  that  "real  research"  would  be  preferable  to  her  present 
activities  of  developing  curriculum  and  creating  student  materials.  She  largely 
ignores  this  viewpoint,  but  just  is  it  nags  at  her.  it  must  nag  at  others  considering 
educational  innovaUon.  at  Dickinson  and  at  other  small  coltegcs. 

The  record  shows,  and  Priscilla  Laws  feels,  that  her  project  is  well  supported  by 
departmental  colleagues  and  the  administration  at  Dickinson,  as  well  as  by  outside 
funding.  We  have  seen  that  she  herself  has  been  active  in  ensuring  that  this  support 
is  foa'icoming.  And  if  the  inimacuiatc  ideal  is  not  quite  matched  by  uie  rumpled 
reality — in  Malcolm  Parleu's  phrase— well,  that  is  life. 

Steven  Koonin:  Computational  Tools  for 
the  Theoretical  Physicist 

It  is  ironic  that  the  California  Institute  of  Technology  (Calicch).  the  most  research- 
oriented  of  the  institutions  on  our  list,  is  the  easiest  place  for  faculty  to  carry  out 
educational  innovation.  Steve  Koonin  had  only  to  ask  for  an  academic  quarter  off 
to  develop  a  new  course  in  order  to  be  granted  his  wish  and  enough  graduate  assis- 
tants get  him  started 

Steve  Koonin  L*^  a  theoretical  nuclear  research  physicist  Computers  are  impor- 
tant in  his  work,  an  J  he  has  spent  a  lot  of  time  teaching  f  ^gramming  to  graduate 
and  undergraduate  students.  In  the  early  80$.  out  of  the  blue.  IBM  gave  him  one  of 
the  early  PCs.  and  he  became  intrigued  with  its  Possibilities  for  teaching. 
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Afser  he  had  played  with  this  machine  for  about  a  year  and  a  half,  IBM  gave 
Caltech  SOO  personal  computers,  of  which  20  IBM  XTs  ended  iqp  in  a  physics  labo- 
ratory. The  university  called  for  fiKmlty  sug^  uoos.  and  Koonin  proposed  that  he 
tetdi  aooune  in  using  computers  for  tbeo^^dcal  physics.  The  institution  ga\  ^  him 
the  MqoineroirvKl  provided  two  graduate  teaching  assistants  for  the  summer  as 
weU  as  thai  fall  to  help  him  with  the  progrmmiiig*  This  was  done  with  university 
money-HUid  informally,  without  written  prop'^sals  or  competition  among  faculty. 
As  Sieve  Koonin  puts  it,  Xaltech  is  very  lean  on  administration.  It  assumed  that 
if  a  iacul^  member  wants  to  try  out  something,  he  or  she  should  be  siqiported  in 
domgso.** 

So  Koonin  and  his  assistants  prepared  programs  and  class  notes  during  the  sum- 
m^  and  fall  quar^  of  1983,  and  he  tau^t  the  class  for  the  first  time  in  the  spring 
qtiarter  of  1984.  The  following  summer  he  was  given  one  teaching  assistant. 
During  that  summer  and  fall  he  wrote  a  book,  now  published  under  the  title 
Compuuuional  Physics?  By  the  end  of  the  second  year  he  was  done  with  the  pro- 
ject and  now  has  returned  to  research  full  time,  declining  to  participate  in  subse- 
quent educational  innovations. 

How  was  Koonin 's  involvement  in  educational  innovation  viewed  by  his  col- 
leagues? We  are  t&'king  here  of  a  small  school  (800  undergraduates,  800  graduates) 
with  a  relatively  big  physics  faculty  of  42  members.  Koonin  feels  that  other 
physics  faculty  did  not  think  oi  his  activity  as  deviation  from  research.  At  the  end 
of  the  two  years,  he  gave  a  regular  physics  department  colkxiuium  on  his  computer 
teaching  project  At  that  time  (1985)  most  faculty  did  not  appreciate  the  capabili- 
ties of  small  machines,  so  there  was  a  great  deal  of  interest 

In  face,  during  the  two  years  of  his  project,  Koonin  continued  a  full  program  of 
research.  He  says  it  "almost  killed**  him  to  continue  both  activities— "a  real 
drain**— >and  admits  that  there  was  "something  of  a  notch**  in  his  usual  average  of 
seven  research  publications  per  year.  That  is  why  he  has  refused  to  imdcrtakc  fur- 
ther educational  innovations.  His  plenary  lecture  at  this  conference  may  be  our  last 
cL  ^  to  hear  him  on  th>s  subject 

I  am  impressed  with  Caltech's  easy  and  cflicicnl  ways  of  encouraging  its  facul- 
ty in  educ  jonal  innovation.  In  this  case  at  least,  informality,  trust  anu  0{>cn-hand- 
edness  have  paid  off  handsomely  for  faculty  and  students  and  for  the  rest  of  us  in 
the  physics  teaching  community  at  large. 

Perhaps  im  ^  research  physicists,  at  least  those  with  tenure,  could  undertake 
intense  but  limited  episodes  of  educational  innovation,  especially  those  innova- 
tiotis,  like  Steve  Koonin  *s,  that  leave  the  rest  jf  us  with  a  residue  of  gold. 

Robert  Tinker:  TERC  and  Microcomputer- 
Based  Laboratory 

•*TERC  should  not  exist",  declares  Dr.  Robert  R  Tinker,  speaking  of  the  organization 
that  vs  his  salary,  terc  is  the  Ttchnical  Education  Research  Centers,  Inc.,  an 
independent  nonprofit  educational  development  group  in  Cambridge, 
Massachusetts. 
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Bob  Tinker  directs  one  of  three  parts  of  terc,  a  part  called  the  Technology 
Center,  which  develops  curricula,  hardware,  and  software  for  primary  through  col- 
lege education.  They  originated  the  Microcomputer-Based  Laboratory,  which 
transfonns  student  laboratory  experience  by  providing  powerful  experiment  inputs, 
analysis,  and  di^Iay  routines.  Best  known  is  the  motion  detector  that  immediately 
diq>lays  the  position,  velocity,  and  acceleration  of  an  object,  such  as  a  walking  stu- 
dent The  Microcomputer-Based  Laboratory  has  been  used  successfully  from  grade 
schijoi  through  intioductoo^  college  physk:s.  It  received  an  award  as  one  of  the  ten 
best  software  titles  by  Classroom  Computer  Learning  magazine.  PrisciUa  Laws, 
the  subjea  of  an  earlier  vigneue,  has  incorpoiated  it  into  her  Workshc^  Physks 
course  at  Dickinson  College,  linker  will  describe  the  Microcomputer-Based 
Laboratory  in  a  plenary  lecture  later  in  this  confernice. 

By  saying  •'terc  shoul'?  not  exist,"  Bob  means  that  the  tasks  terc  does — inno- 
vation in  technical  and  scientiHc  education — should  really  be  done  at  colleges  and 
universities.  Why  does  terc  exist?  "Every  flourishing  organization  has  a  secret 
weapon,**  says  Bob  Tinker,  "usually  a  person."  terc's  secret  weapon  is  its  presi- 
dent, Arthur  H.  Nelson.  For  20  years  Arthur  Nelson  has  ^nt  mornings  in  profit- 
making  activities  (for  example,  renting  space  to  technical  enterprises  along 
Boston's  Route  1 28)  and  aflemoons  in  the  community  of  nonprofit  enterprises,  one 
of  which  is  terc.  No  simple  descnption  fits  Arthur  Nelson,  so  let  his  history  intro- 
duce him. 

In  1943  Arthur  H.  Nelson  graduated  as  a  physics  major  from  the  University  of 
Kansas.  This  was  wartime,  and  a  recruiter  from  the  Radiation  Laboratory  brought 
him  to  the  Massachuseus  Institute  of  Technology  (MIT),  where  he  worked  on  radar 
and  01  the  awacs  plane  that  would  have  been  the  airborne  command  center  if  the 
*r.%asion  of  Japan  had  taken  place.  After  the  war  he  consulted  on  missile  guidance 
with  a  major  electronic  manufacturing  firm  while  getting  his  degree  at  HarvaiC! 
Law  School  ("stadying  the  laws  of  man  as  well  as  the  laws  of  nature*^  and  taking 
classes  at  Harvard  Business  School.  He  founded  a  company  that  did  clecu-onics 
work  for  the  government,  selling  the  company  ten  years  later. 

In  1966  Arthur  Nelson  and  several  presidents  and  past  presidents  of  the 
American  Technical  Education  Association,  founded  terc  to  develop  curricula  for 
technicians  paramedics,  and  other  support  pcrsorncl  for  professionals  in  emerging 
technologies.  With  the  help  of  many  faculty  from  MIT  and  other  universities,  as 
well  as  scientists  from  business,  terc  produced  widely  adopted  curricula  in 
biomedical  technology,  electromechanical  technology,  nuclear  medicine,  and 
nuclear  technology. 

In  the  mid-70s  Bob  Tinker,  a  fresh  Ph.D.  from  MIT,  taught  physics  at  Amherst 
College,  woriced  for  the  Commission  on  College  Physics,  and  then  came  to  terc  to 
develop  a  curriculum  in  clccU'onics  for  scientists.  By  the  late  70s  he  was  insisting 
that  TERC  act  on  the  promise  of  computers  in  technical  and  science  education.  By 
the  eariy  80s  they  developed  motion-detector  equipment  and  the  Microcomputer- 
Based  Laboratory,  which  in  1983  atuacted  one  of  the  fijSt  big  secondary  education 
grants  from  the  newly  refunded  National  Science  Foundation. 

TERC  has  not  alwavs  thrived.  Three  limes  its  existence  has  been  threatened  by 
->  utbacks  in  federal  funding.  Three  times  a  combination  of  staff  inventiveness. 
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THRc's  experience  wiih  over  200  projects,  and  Arthur  Nelson's  generosity  and  busi- 
ness sense  has  k^t  it  alive.  An  outsider's  impression  is  that  month-to-month  suc- 
cess rests  on  a  collegial  guiding  structure  consisting  of  Nelson  and  a  senior  staff 
that  has  been  with  terc  for  over  a  decade.  As  a  member  of  this  guiding  staff.  Bob 
Tinker  has  strongly  influenced  the  setting  that  nourishes  his  projects. 

The  past  is  prologue.  We  ask  again:  Why  is  ibrc  not  displaced  by  competing 
organizations  in  universities?  Nelson  thinks  it  is  because  universities  And  it  difR- 
cult  to  collabcHBte  with  a  wide  variety  of  groups:  other  universities,  technical 
schools  and  community  colleges  and  public  school  systems,  professional  societies, 
or  with  a  mix  of  profit  and  nonprofit  groups,  hi  brief,  universities  have  turf  prob- 
lems. TERC  is  a  non{m>flt  group  that  threatens  no  one.  It  has  a  single  focus:  to  iden- 
tify national  needs  in  technical,  scientific,  and  special  needs  education  and  to  bring 
together  the  resources  to  satisfy  these  needs.  Without  turf  problems,  terc  can  use 
as  resources  what  Nelson  calls  "the  best,  wherever  they  are  located" 

I  have  two  additional  guesses  as  to  why  terc  is  not  displaced  by  university  pro- 
jects. First,  it  has  little  institutional  inertia,  terc  can — and  to  survive  terc 
must— identify  areas  with  unserved  populations,  formulate  a  plan  to  move  on  their 
needs,  and  apply  to  fund  the  plan  before  the  rest  of  us  have  even  rumbled  up  to  the 
problem. 

Second,  terc  has  taken  as  its  playing  field  the  very  turf  where  success  can  be 
objectively  verified.  An  incompetent  technician  is  more  quickly  identified  than  an 
incompetent  professor  of  li'erauire.  Nature  herself  helps  you  sort  out  physics  sui- 
dents  who  knov  their  way  around  a  laboratory  from  students  who  do  not  I  believe 
it  is  no  accident  that  one  of  the  three  centers  at  terc  concerns  evaluation  and  a  sec- 
ond concerns  the  handicapped,  another  field  where  success  is  demonstrable. 

In  thinking  about  terc  I  find  myself  murmuring,  "only  in  America."  Where 
else  could  you  find  a  private-enterprise  enO'eprcneur  nurturing  a  nonprofit  center 
that  uses  government  funds  and  collaborates  with  a  spectrum  of  public,  private, 
profit,  and  nonprofit  organizations  to  improve  education  in  technology  and  science, 
and  for  those  with  special  needs? 


MIT  Project  Athena:  Graphics  Utilities  in 
Special  Relativity 

A  strong  motivation  for  giving  this  talk  has  been  to  work  through  my  own  experi- 
ence of  developing  physics  educational  software  with  help  from  Project  Athena  at 
MIT  and  to  con^parc  it  with  the  experiences  of  other  developers  in  different  set- 
tings. You  recognize  immediately  that  objectivity  in  reporting  my  own  story  is 
even  more  suspect  than  in  reporting  the  stories  of  friends  and  colleagues  in  other 
schools.  Happily,  help  has  arrived:  Professors  Donald  Schon  and  Sherry  Turkic  and 
coworkers  at  MIT,  have  carried  out  a  careful  series  of  studies  of  MIT's  Project 
Athena.  What  follows  has  benefited  from  their  report^ 

Project  Athena  at  MIT  has  been  a  major  effort  to  explore  the  uses  of  computers 
in  education  across  the  span  of  academic  disciplines.  For  its  first  five  years 
Q     (1983-88),  Project  Athena  was  heavily  funded  by  Digital  Equipment  Corporation 
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and  the  International  Business  Machines  corporation.  MIT  itself  raised  $20  million 
for  individual  faculty  educational  development  projects. 

My  student  programmers  and  I  are  substantial  beneOciaries  of  Project  Athena, 
receiving  a  total  of  approximately  $160,000  over  three  years  in  awards  based  on 
competitive  internal  pn^x)sals.  This  money  has  gone  largely  for  student  wages  and 
part  of  my  salary,  but  we  received  much  more.  To  this  total  must  be  added  the 
Athoia^pfovided  computers  on  which  the  programs  were  developed  and  used  by 
students,  and  the  administrative  services  of  the  Department  of  Physics.  I  am 
extremely  grateful  for  this  support 

Wi\h  this  mulUfaceted  support,  we  developed  interactive  graphics  computer 
utilities  to  help  sUidents  learn  special  relativity  and  quantum  physics.  The  relativity 
programs  are  complete  and  are  the  subject  of  a  short  paper  and  two  workshops  at 
this  conference.  The  quantum  physics  programs  are  still  under  development — more 
on  them  below. 

Those  who  have  studied  Project  Athena  have  criticized  it  for  concentrating  on 
advanced  technology  lather  than  providing  facilities  that  faculty  request  to  carry 
out  their  projects.  I  myself  have  been  in  the  weird  position  of  having  to  suuggle  to 
avoid  using  the  latest,  most  powerful  computers.  I  want  to  program  on  machines 
that  are  generally  available,  so  that  colleagues  in  other  schools  can  use  the  results. 
Here  is  a  one-paragraph  history  of  that  struggle: 

For  the  science  departments  at  MIT,  Athena  fu^t  provided  IBM  XT  machines, 
which  were  just  then  being  adopted  nationwide.  As  soon  as  the  first  IBM  AT  com- 
puters were  inux)duced,  Athena  shifted  over  to  them.  These  ATs  were  equipped 
with  the  expensive  Professional  Graphics  Adaptor  (PGA)  and  display,  which 
shows  beautiful  colors.  The  trouble  is  that  the  PGA  display  did  not  catch  on  com- 
mercially: few  businesses  or  schools  bought  them.  So  the  programs  my  student 
programmers  prq)ared  that  use  the  full  PGA  colors  are  useless  almost  everywhere 
except  at  MIT.  Happily,  the  PGA  display  can  also  be  run  in  a  mode  that  mimics  a 
less  expensive  display  that  many  people  do  have.  As  soon  as  the  IBM  RT  became 
available,  Athena  moved  on  up  to  that  computer.  By  now  I  had  learned  my  lesson, 
so  I  stayed  with  the  AT  machines.  Sure  enough,  the  RT  computers  did  not  sell 
commercially  either  and  were  soon  retired  from  use.  Since  then  MIT  has  installed 
work  stations— useless  to  me  for  developing  programs  that  can  be  used  elss- 
where — and  is  discarding  their  ATs. 

Now  turn  from  machines  to  people.  In  the  summary  of  their  study  of  Project 
Athena,  Donald  Schon  and  Sherry  Turkic  tel!  us:  "[Athena  assumed]  that  MIT  fac- 
ulty would  be  able.. .to  devise  new  educational  software.. .as  something  of  *an 
ex  wise  for  the  left  hand. '...But  in  the  perception  of  most  faculty  members  who 
tried,  development  of  new  educational  uses  of  the  computer  was  a  demanding 
activity.. .It  lode  a  great  deal  of  time.  They  are  seen  by  their  colleagues  as  diverg- 
ing from  the  path  to  success  within  their  departments... In  the  li^ht  of  our  findings, 
it  is  understandable  that  the  developers  of  Athena  projects  tended  to  be  either  indi- 
viduals marginal  to  their  departments,  or  'short  ti.ncrs*  who.. .had  no  intention  of 
following  up  the  possibilities  created  by  their  work,  or  long-time  champions  of 
computers  in  education."^ 
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I  fit  into  the  Turkle-Schon  category  of  "individuals  marginal  to  their  depart- 
ments." I  am  not  a  professor,  my  position  of  Senior  Research  Scientist  is  intended 
for  those  funded  with  soft  money.  This  position  has  served  me  well  during  most  of 
a  25  year  career  of  educational  research  and  c.  /elopment  at  MIT. 

Thus  I  took  advantage  of  a  "double  ecological  niche**  within  MIT  and  Project 
Athena.  As  a  senior  research  scientist,  I  could  commit  the  time  needed  to  pursue  a 
demanding  project  without  losing  status  as  a  regular  research  faculty  member. 
Athena  provid^  some  of  the  soft  salary  support  for  this  effort  and  the  essential 
wages  for  student  programmers.  My  students  and  I  further  subdivided  the  Athena 
niche  by  injsntionally  staying  "out  of  date**  with  respect  to  the  latest  Athena  hard- 
ware;  we  wrote  programs  for  comp  jters  available  to  physics  teachers  in  other  col- 
leges and  univ^ties. 

The  programs  and  documentation  in  special  relativity  that  you  can  see  at  this 
conference  are  the  outcome  of  our  time  in  the  MIT-Athena  double-ecological 
niche.  In  a  final  irony,  an  additional  outside  grant  of  a  mere  $6,000  from  Apple 
Computer  for  student  wages,  plus  the  loan  of  a  Macintosh,  funded  Macintosh  ver- 
sions of  our  relativity  software  that  sell  much  better  than  the  Athena-supported 
IBM  versions. 

All  that  is  the  good  news.  The  bad  news  is  that  recent  CMtbacks  in  faculty  devel- 
opment tunding  have  closed  off  the  Athena  part  of  the  niche,  leaving  our  project  in 
quantum  physics  only  partly  completed.  Still,  we  did  take  advantage  of  a  window 
briefly  open  in  the  dimensions  of  time,  space,  funding,  and  shifting  institutional 
priorities  to  ?ccomplish  something  that  gives  us  satisfaction. 


Eric  Lane:  Standing  Waves 

All  this  talk  of  outside  grants  and  institutional  support  raises  questions:  Whatever 
happened  to  simple  creativity?  Df^n't  anybody  develop  software  individually,  as 
a  regular  scholarly  activity?  Why  can't  you  work  out  ideas  on  your  own,  without 
the  heavy  machinery  of  grants  and  technical  support? 

The  answer  is  you  can,  but  you  need  to  understand  the  conditions.  Let  me  intro- 
duce Professor  Eric  T.  Lane  of  the  University  of  Tennessee  at  Chattanooga.  His 
program  Standing  Waves  won  the  1987  educom/ncriptal  award  in  not  just  one  but 
two  u^tegories:  best  physics  softw  ire  and  best  simulation  software.  According  to 
the  official  description.  Standing  Waves  "provides  animated  simulations  of  waves 
and  pulses,  interference  effects,  [and]  Doppler  effects  for  sound  and  light. For 
further  details,  attend  the  several  sessions  that  Eric  Lane  is  giving  at  this  confer- 
ence. 

The  educom/ncriptal  award  culminates  nine  years  of  lonely  work.  When  you 
meet  him,  you  will  understand  that  lonely  work  is,  for  Eric  Lane,  not  a  punishment, 
but  a  joy.  If  Joe  Redish  and  Patricia  Laws  show  us  that  there  is  a  p!acc  for  the  pub- 
lic person— the  organizer,  the  collaborator,  the  public  speaker— Eric  Lane  shows 
us  that  there  is  also  a  place  for  the  private  person — the  reflective  creator,  the  metic- 
ulous worker,  the  burner  of  midnight  oil. 
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Eric  Lane  began  work  on  Standing  Waves  in  1978 — in  ihe  dark  ages  before  the 
Apple  Macintosh,  even  before  the  IBM  PC.^The  Apple  11  had  just  been  introduced 
and  few  had  thought  of  animation  graphics.  Rapid  animation  on  the  Apple  II 
requires  programming  in  machine  language,  that  arcane  code  of  numbers  and  let- 
ters that  directly  instructs  the  processor.  (Machine  language  executes  the  animation 
in  Standing  Waves,  and  a  BASIC  program  controls  the  menus.)  Few  people  have 
the  combination  of  physics  background  and  technical  knowledge  of  machine  lan- 
guage necessary  to  do  this.  Eric  Lane  says  that  at  the  start  he  was  'Very  technical,*" 
bringing  to  this  task  20  years  of  extensive  programming  experience  on  several  gen- 
erations of  IBM  and  Hewlett-Packard  machines.  The  breadth  of  this  expertise  has 
allowed  him  to  reprogram  Standing  Waves  more  recently  for  a  range  of  personal 
computers. 

Lane  had  no  collaborators,  no  technical  assistants,  no  student  programmci^,  no 
participating  fellow  faculty  meml)ers.  He  estimates  that  he  spent  2,000  hour's  a  year 
for  Tive  years  developing  Standing  Waves  sofrware  and  documentation.  That  aver- 
ages 40  hours  j)er  week — mostly  nights  and  weekends — in  addition  to  a  full  15 
contact  hour  teaching  load. 

Did  he  get  help?  Not  until  much  of  the  work  was  already  done.  The  Center  of 
Excellence  for  Computer  Applications  (ceca)  was  established  in  19S4  at  the 
University  of  Tennessee  at  Chattanooga.  Its  main  emphasis  is  in  artificial  intelli- 
gence, assistance  for  the  handic£q)ped,  and  mainframe  computer  support,  with  a 
budget  of  $20,000  total  for  all  faculty  projects.  For  six  of  the  past  eight  semesters 
Professor  Lane  has  received  some  time  off  from  his  teaching  load,  partly  suppc  lc6 
by  CECA.  In  ac'idirion,  CONDUIT,  a  software  distributor  in  Iowa  City,  distributed 
his  material  ar»d  (^id  for  two  one-week  stays  in  Iowa  City  to  complete  projects. 
Lane's  department  chairman  supported  his  effort  and  was  insuiimental  in  reversing 
a  university  policy  against  personal  computers.  Fellow  faculty  meml)ers  encour- 
aged the  project,  provided  an  avenue  for  seminars  on  his  software,  and  exchanged 
classes  when  he  had  ti)  be  out  of  town.  Some  faculty  outside  his  department  criti- 
cized software  development  as  an  inappropriate  scholarly  activity,  the  presumption 
being  that  it  did  not  replace  conventici^al  research. 

There  was  some  hardware  help  from  ceca,  the  British  Acorn  Computer 
Corporation,  Digital  Equipment  Corporation,  and  the  Lupton  Foundation.  All  were 
the  rcs»'U  of  written  proposals.  Proposals  submitted  to  IBM,  Apple  Computer,  and 
others  received  no  response. 

That*s  it.  That  is  all  the  support  Eric  Lane  received — until  he  won  the 
educomAjcriptal  award.  Now  IBM,  Apple,  and  AT&T  are  interested  in  supplying 
equipment.  He  feels  that  the  award  has  brought  him  the  possibility  of  increased 
resources,  "Not  enough,  but  more/* 

There  is  a  strain  of  asceticism  in  Eric  Lane*s  attitude  and  work.  "I  don't  intend 
to  copy  protect  any  software  that  i  distribute  personally,"  he  says.  "I  write  it  for 
people  to  use,  for  them  to  get  th;;  benefit  of  my  experience  and  teaching  ability. 
The  more  the  better,  as  far  as  I  ara  concerned... I  feel  that  society  provides  me  with 
more  than  enough  comforts  and  necessities.  I  would  prefer  to  spend  my  time  and 
effort  doing  my  utmost  to  improve  that  society  rather  than  trying  to  gel  rich  at  its 
O  expcns^.**'^ 
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|V  For  mc  Eric  Lane's  siwy  provides  an  existence  theorem:  It  is  very  hard,  but  you 

c  «i  do  it  alone  if  you  need  to.  Inventiveness,  determination,  and  industry  can  result 
in  a  product  that  benefits  teachers  and  students,  and  through  them  society  as  a 
whole. 


Conclusions 

I  once  asked  a  well-known  historian  what  traits  were  shared  by  the  great  people  of 
history.  He  fq>lied,  **None.  What  characteristics  could  Jesus  and  Nq)oleon  possibly 
have  in  conunon?*"  The  histot  ian  was  wrong,  at  least  about  Jesus  and  Napoleon. 
Both  of  them  were  immensely  energetic,  and  both  had  a  vision  in  which  they 
deq>Iy  believed,  a  vision  that  galvanized  those  around  them. 

None  of  us  would  claim  to  be  historic  characters,  but  everyone  described  in  this 
pa^r  also  has  a  vision  and  is  energetic  in  pursuing  it,  each  accon^ing  to  his  or  her 
own  style.  In  reviewing  the  vignettes,  I  discern  two  distinct  innovative  styles, 
styles  that  I  caU  •'public'*  and  "private." 

Priscilla  Laws,  Joe  Redish,  and  Bob  Tmker  have  "public"  visions,  visions  that 
are  xoatt  about  ways  of  organizing  education  than  about  a  product  Fulfilling  the 
visions  requires  direct  participation  of  at  least  some  of  their  professional  col- 
leagues. The  large  scale  of  their  visions  requires  outside  funding.  Within  aii  aca- 
demic institution,  outside  funding  serves  as  much  a  political  as  a  functional 
puipose:  it  legitimizes  the  project  and  makes  more  likely  the  necessary  direct  par- 
ticipation of  some  colleagues  and  toleration  by  the  rest  The  public  innovator  also 
takes  every  opportunity  to  describe  the  vision  outside  the  home  instiuition  during 
the  time  he  or  she  is  acuially  learning  how  to  do  it 

In  contrast,  Steve  Koonin,  Eric  Lane,  and  1  have  **privaic"  visions,  visions  that 
are  mott  about  products— textbooks  and  software— than  about  ways  of  oiganizing 
education.  Steve  Koonin  and  1  work  with  assistants  but  not  colleagues;  Eric  Lane 
woilcs  atone.  We  private  innovators  use  local  support  from  within  our  own  institu- 
tions. This  support  is  small  in  scale  and  has  a  practical  purpose:  to  give  us  time  and 
assistance.  Any  political  advantage  internal  grants  bring  us  is  minor  and  does  not 
make  the  difference  between  success  and  failure  in  our  local  setting.  We  go  public 
with  our  products  only  when  they  are  completed. 

If  the  distinction  between  public  and  private  innovator  is  valid,  then  there  are 
consequences  for  encouraging  these  contrasting  activities.  Are  you  an  adminisua- 
tor  working  with  a  private  innovator?  Then  consider  providing  modest  direct  sup- 
port for  ^stants  and  released  lime.  This  can  be  done  quietly.  Are  you  trying  to 
encourage  a  public  innovator  on  your  faculty  or  staff?  Then  think  of  soliciting  an 
outside  grant,  giving  both  the  application  and  the  award  wide  publicity  within  your 
organization  and  its  adminisu^tive  surroaidings. 

In  the  melody  of  discussions  with  our  five  academic  educational  innovators,  I 
hear  repeatedly  a  very  old  theme:  the  polarity  between  education  and  research  as 
perceived  by  them  and  by  those  around  them.  I  believe  it  is  no  accident  that  all  five 
of  the  academic  innovrlors  except  the  author  have  tenure.  Ttenurcd  professors  can 
afford  to  take  the     .  of  concenuaiing  on  educational  innovation,  at  least  for  an 
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interval.  But  even  full  professors  think  carefully  about  the  relation  between  their 
research  and  their  educational  projects.  Even  full  professors  look  somewhat  ner- 
vously for  encouragement  or  the  lack  of  it  in  their  annual  salary  reviews.  Of  the 
Five  academics,  only  Joe  Redish  manages  an  ongoing  combination  of  specialty 
research  and  educational  innovation.  Steve  Koonin  tolerated  it  for  two  years.  Eric 
Lane,  Pdscilla  Laws,  and  I  worry  some  about  the  tension,  while  acting  as  full-time 
professional  educators.  I  have  little  to  add  to  this  decades-long  dialogue  except  to 
testify  to  its  continuing  signiHcance  for  innovators  and  administrators. 

I  am  struck  by  how  closely  the  setting  fits  the  style  of  the  innovator  in  most  of 
the  cases  we  have  examined.  Most  of  our  innovators  are  well  tuned  to  their  envi- 
ronments. Joe  Redish  thrives  in  the  stimulating  seOing  of  university  research  while 
orbiting  gently  in  the  curved  metric  around  the  AAPT,  his  local  pipeline  to  the 
world  of  physics  educators.  Bob  Tinker  has  learned  the  survival  skills  of  the 
nonacademic  educational  development  organization.  It  is  hard  to  picture  Steve 
Koonin  operating  comfortably  at  MIT  or  Priscilla  Laws  suiding  onto  the  stage  at 
the  University  of  Maryland.  As  always,  it  is  the  subtle  mutual  Ht  between  organism 
and  ecology  that  leads  to  growth  and  a  rich  harvest  for  the  rest  of  us. 

Setting  makes  a  big  difference.  It  is  not  all-powerful— Eric  Lane  has  shown  us 
that — but  setting  does  make  a  difference.  There  must  be  hundreds  of  people  out 
there  with  energy,  vision,  and  good  educational  ideas  who  have  not  been  heard 
from.  Which  of  these  could  become  productive  to  the  beneHt  of  the  rest  of  us 
through  changes  in  their  local  surroundings,  by  seeking  out  a  local  ecological 
niche,  or  receiving  administration  nourishment  and  support?  There  is  much  to  do 
in  applying  computers  to  physics  education,  and  we  desperately  need  their  help. 

1.  Bitnet  mail  from  George  Allan.  Academic  Dean  of  Dickinson  College. 

2.  Sieve  Koonin*  Computational  Physics  (Menlo  Park.  CA:  Benjamin/Cummings 
Publishing.  1986). 

3.  Shciry  Turkic,  Donald  Schon,  Brcnda  Nielsen,  M.  Siclla  Orsini,  and  Wim  Overmcer. 
"Project  Athena  at  MIT*  (Unpublished  paper.  May  1988). 

4.  Ibid.,  section  1.  Quoted  with  permission.  Omissions  in  this  excerpt  oversimplify  a  more 
subtle  and  comprehensive  argument 

5.  Robert  B.  Kozma,  Robert  L.  Bangcrt-Drowns.  Jerome  Johnston.  EDUCOMi  NCRIP- 
TAL  Higher  Education  Software  Awards,  1987  (Ann  Arbor.  MI:  Program  on  Learning. 
Teaching,  and  Technology.  National  Center  for  Research  to  Improve  Postsecondary 
Teaching  and  Learning.  1987). 

6.  Much  of  the  following  information  comes  from  "Developing  Standing  Waves.**  by  Eric 
T.  Lane  (Unpublished  paper.  28  March  1988). 

7.  Ibid.  Ellipsis  dots  in  original. 
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The  computer  has  immense  power  to  perform  tedious  tasks  quickly  and  efficiently. 
W\\h  the  wide  availability  and  falling  prices  of  microcomputers,  both  students  and 
faculty  are  offered  new  (q)ponunities  for  innovative  learning,  especially  in  a  tech- 
nical field  such  as  physics.  Having  a  substantial  amount  of  computer  power  can 
have  a  mariced  impact  on  what  can  be  taught 

At  the  University  of  Nfaryland,  a  group  of  faculty  and  students  has  organized 
the  Maryland  Project  in  Physics  and  Educational  Technology  (m.u.p.p.e.t.).  Wc 
have  been  investigating  the  implication  of  microcomputer  availability  on  the  con- 
tent and  structure  of  the  curriculum. 

I  have  been  primarily  concerned  with  the  lecuire  part  of  the  introductory  course 
for  physics  nmjors,  sc  i  will  concentrate  on  developments  there.  Others  have 
woriced  on  the  labcnatory,  on  courses  for  nonscientists,  and  for  uppcrclass  majors 
and  graduate  suidents.  That  work  ^  reported  elsewhere.^ 

Problems  with  the  Traditional  Curriculum 

In  considering  what  the  computer  can  do  for  us,  we  started  out  by  trying  to  decide 
what  it  was  we  really  needed  done.  Wc  considered  the  content  of  the  su  ndard  cur- 
riculum in  light  of  the  knowledge  and  skills  required  by  a  contcmporay  profes- 
sional physicist,  and  we  decided  that  the  current  ^proach  had  some  :;ubstantial 
defects. 

/.  The  present  curriculum  does  not  contain  enough  contemporary  physics. 

By  contemporary  physics  we  don't  mean  "modem  physics."  The  latter  term 
means  physics  developed  in  the  years  between  about  1887  (the  year  of  the 
Michclson-Morcly  experiment)  and  1939  (the  discovery  of  fission).  The  excite- 
ment and  vitality  of  the  current  state  of  physics  is  rarely  visible  in  the  standard 
physics  major's  program.  Many  inu-oductory  students  (even  top-ranking  ones) 
have  no  idea  what  a  professional  physicist  actually  does. 

2.  The  present  curriculum  does  not  stridently  take  into  consideration  what 
students  know  and  how  they  learn. 

In  our  traditional  majors  course  there  are  two  standard  assumptions:  (i) 
Suidents  can  be  considered  a  tabula  rasa.  If  we  present  our  material  logically  and 
coherently,  they  will  understand  it.  (ii)  If  suidents  have  difiiculiy  with  our  presen- 
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tation  or  approach,  then  **they  are  not  good  enough  to  be  physicists/*  Current 
developments  in  cognitive  psychology  and  the  theory  of  education  suggest  that 
both  of  these  assumptions  may  be  wrong  2  Students  come  into  our  classes  with 
understandings  and  preconcqHions  about  the  worid,  and  they  often  translate  and 
misinterpret  our  teachings  as  a  result 

Some  of  the  skills  we  expect  our  students  to  pick  up  quickly^  such  as  facile 
algebraic  manqjulation  and  the  ability  to  attack  and  structure  an  approach  to  com* 
plex  word  problems,  may  be  sk>w  in  coming  because  of  previous  deficient  teach- 
ing. Their  lack  does  not  imply  a  *Tatal  flaw,**  and  we  may  actually  be  able  to  teach 
these  skills  instead  of  simply  expecting  students  to  learn  them. 

3.  The  present  curriculum  does  not  provide  appropriate  training  of  relevant 
professional  skills  at  the  undergraduate  level. 

In  the  real  world  of  the  professional  physicist,  solving  staiightforwaid  analytic 
problems  like  those  that  dominate  the  undergraduate  curriculum,  plays  a  small  (but 
important!)  role.^  Many  of  the  most  important  skills  required  of  the  professional 
physk:ist  are  not  nr»enu*oned  in  the  standard  curriculum  unu*l  the  graduate  level. 
This  is  sufficiently  unnatural  that  I  will  elaborate  on  this  point 

The  Skills  of  a  Physicist 

Near  the  beginning  of  oiir  project,  I  considered  the  quesuon:  When  a  student  wants 
to  do  thesis  research  under  my  supervision,  what  skills  would  I  like  (expect)  that 
student  to  have?  My  first  brainstorming  session  on  this  question  produced  a  very 
long  list  qS  notes— nearly  20  pages.  Clearly,  one  can  choose  such  a  list  of  skills  in  a 
varieQr  of  ways,  and  Tm  sure  every  reader  will  have  a  different  list  The  following 
is  the  result  of  much  discussion,  boiling  douii,  and  condensing. 

?or  the  nonlaboratory  part  of  the  curriculum  I  propose  that  every  graduating 
physics  major  should  have  an  opportunity  to  develop  the  following  skills: 

1.  Number  awareness.  This  is  the  sine  qua  non  of  a  physics  major.  Students  must 
understand  that  t^ie  universe  is  quantifiable. 

2.  Analytic  skills.  Students  must  understand  the  concept  of  equations  and  be  able 
to  manipulate  them  in  reasonably  complex  situations.  This  includes  solving 
problems  with  to  a  dozen  variables,  understanding  the  use  of  limiting  cases, 
and  formulating  strategy  and  tactics  for  approaching  a  complex  problem. 

3.  Understanding  cf  natural  scales  and  estimation  skills.  Students  should  under- 
sUsu  i  what  parameters  are  responsible  for  governing  the  natural  scale.*?  of  a 
problem  and  should  be  able  to  estimate  plausible  answers  and  the  size  of  cffcr.is 
to  one  significant  figure. 

4.  Approximation  skills.  Suidents  should  understand  when  an  approximate  ei^ua- 
tion  is  valid  and  to  what  accuracy.  They  should  have  some  idea  of  ways  to 
improve  ^proximations  by  a  variety  of  techniques. 
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5.  Numerical  dcUls.  Students  should  know  how  to  solve  a  variety  of  problems  that 
are  not  solvable  analytically.  Perhaps  the  two  most  important  aspects  of  this 
sldll  are  knowing  what  one  can  get  out  of  a  numerical  calculation,  and  knowing 
when  to  do  a  nu-nerical  cafculation  and  when  to  do  an  analytic  one. 

6.  Iniuition  and  large-problem  skills.  This  includes  a  variety  of  metaskills.  By 
intuition  we  mean  having  an  understanding  of  whtm  an  answer  locks  plausible 
and  what  to  check  for.  By  laige-problem-solving  skills  we  mean  such  things  as 
chunking  (breaking  the  problem  into  parts),  mixing  library  skills  with  analytic 
and  numerical  ones,  etc. 

The  introductory  course  usually  deals  almost  exclusively  with  the  first  two 
skills.  An  introducuxy  physics  text  may  include  thousands  of  problems.  Ar^  infor- 
mal survey  suggests  that  of  these,  80  to  90  peicmr  are  **plug-ins"— ^  bicms  that 
deal  only  with  skill  1.  Of  the  remainder,  most  (often  mariccd  as  being  >rc  diffi- 
cult) are  analytic  manipulations— skill  2.  The  number  of  proUenu.  rcqu  ng  esti- 
mation»  iqsproximation,  or  numerical  skills  can  be  counted  on  the  Angers  of  both 
hands  (if  they  can  be  found  at  all  in  the  im^nse  pile  of  plug-in  problems). 

In  nvost  versions  of  the  current  curriculum,  approximation  and  numerical  skills 
are  left  for  graduate  study,  giving  most  students  a  distorted  view  of  physics  as  an 
"exact*"  science,  rather  than  as  a  science  where  we  know  the  range  of  ^plicability 
of  our  equations.  Laige-problcm-solving  skills  are  rarely  encountered  in  an  under- 
graduate program  unless  the  student  docs  a  senior  thesis.  Tliis  is  particularly  unfor- 
tunate, since  the  approach  to  a  complex,  open-ended  problem  (especially  one 
where  the  answer  is  not  known  beforehand)  is  the  fundamental  skill  of  the  profes- 
sional scientist 

Estimation  is  the  epitome  of  our  view  of  the  ideal  physicist  (who  can  solve  any 
problem  on  the  back  of  a  paper  n^kin— to  one-digit  accuracy),  but  we  almost 
never  teach  it  We  seem  to  expect  suidcnts  to  Icam  it  osmotically  by  exposure  to 
physicists  who  know  how  to  do  it 

It  is  our  view  that  all  of  these  skills  should  be  inuxxiuccd  in  the  undergraduate 
curriculum  at  every  level.  Our  experience  at  Maryland  is  that  all  of  the  skills  in  the 
list  can  be  introduced  to  majors  at  the  freshman  level  in  connection  with  computer 
use. 


The  M.U.RRE.T.  Environment 

We  have  attempted  to  develop  our  materi!?Js  and  curriculum  modifications  so  they 
can  be  used  inexpensively  and  eflectivel)  in  a  variety  of  environments.  Our  own 
environment  at  Maryland  is  currently  based  on  the  IBM  PC  and  AT  personal  com- 
puters. A  reasonable  configuration  for  using  our  materials  is  m  8088  or  80286 
IBM  compatible  with  two  diskette  drives  or  one  diskette  and  a  hard  disk,  i  or  the 
8088-based  machine  (IBM  PC  or  clone),  the  8087  coprocessor  is  highly  recom- 
mended, as  is  640K  of  memory.  All  our  packages  have  be^n  prepared  to  run  with 
CGA  or  EGA  graphics. 

3S 
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In  our  experience,  one  such  machine  sufHccs  for  every  eight  to  ten  students.  We 
have  two  microlabs  in  the  physics  dcpmrncnt  one  with  sixteen  machines  (mostly 
PCs)  networked  with  an  AT  master.  The  second  lab  is  an  overflow  lab  with  six 
machines,  abo  networked  U>  the  same  master.  Our  freshman  majors*  classes  (each 
with  len  to  twenty  studaits)  meet  there  three  to  four  tin^  each  semester  for  one- 
hour  mferolabs  with  the  teacher.  The  lab  is  kept  open  by  teaching  assistants  for 
eight  hours  a  day  on  weekdays.  Students  make  extensive  use  the  lab  for  computer 
homeworic  assignments  and  term  projects. 

The  University  of  Marylandl  siso  provides  a  number  of  gencral^purpose  micro- 
labs  in  libraries  ihroughout  the  campus,  and  will  bepn  to  provide  in-dorm  comput- 
ers next  year  as  part  of  a  major  effort  to  expand  computer  availability. 

We  concluded  that  the  appropriate  language  for  fiieshman  majors  was  Pascal. 
The  reasons  for  this  are  discussed  elsewhere.^  In  order  to  minimize  the  amount  of 
programming  have  to  teach,  wc  have  developed  class  handouts  that  distill  the 
basics  of  Pascal  down  to  a  few  minimal  ideas.  Wc  have  developed  utilities  that  per- 
mit students  and  faculty  to  easily  wriij  programs  with  interactive  input  and  multi- 
window  graphics.  Simple  sample  programs  can  be  used  both  interactively  in 
microlabs  to  study  complex  phenomena  and  as  starter  programs  or  templates  from 
which  other  programs  mr.y  be  built.  This  makes  it  possible  for  the  student  to  learn 
to  write  useful  programs  very  quickly. 

These  materials  also  help  resolve  the  problem  of  making  the  computer  usable  in 
class  by  feculty  who  are  not  programmers  or  who  program  in  a  language  that  is  too 
sophisticated  for  most  freshman  to  use. 


The  M.U.P.P.E.T.  Course 

In  the  introductory  course  itself  wc  have  made  use  of  the  computer  in  a  wide  vari- 
ety of  ways.  Some  of  the  new  features  included  in  the  introductory  course  arc: 

•  reorder  the  introduction  to  mechanics  by  starting  with  Newton *s  second  law  in 
discrete  form;^ 

•  teach  the  power  tools  of  physics — Newton  II  as  used  in  a  realistic  physical 
example; 

•  train  the  student*s  intuition  in  complex  situations  I ,  >stug  productivity  tools* 
including  Orbits,  Thermo,  and  Spatetime  Physics:^ 

•  include  a  unit  on  nonlinear  dynamics — the  nonlinear  pendulum*  fractals,  pcri- 
od^oubling*  bifurcations,  and  chaos; 

•  introduce  some  quantum  concepts— the  phase  plane  and  Bohr-Sommerfe'd 
quantization,  quantum  scalcst  and      c  equations;  and 

•  require  independent  term  projects. 

Since  there  is  neither  time  nor  room  for  a  full  discussion  of  all  these  topics,  I 
have  selected  two  of  the  .lev/  features  to  present  in  some  detail:  the  example  of 
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titiling  projectile  motL  ^ith  air  resistance,  and  a  brief  discussion  of  our  experi- 
ence with  student  projects* 

An  Example:  Projectile  Motion  in  Air 

IndudingtbeeCfoctof  airresbtanceonmotionof  apro^  casejust 
one  )iep  beyond  what  we  usually  do.  But  that  step  is  not  possible  at  the  introducto- 
ry level  without  help  from  the  computer;  it  requires  the  use  of  one  of  the  "^mer 
tools**  of  mechanics— the  solution  of  Newtai*s  second  law  as  an  ordinary  difleren- 
tial  equation  usi^g  numerical  mediods.  Nevertheless^  this  example  is  strikingly  rich 
^  andprovidesanenvironmentin  which  we  can  introduce  the  student  to  a  variety  of 

qualitative  analytic  ddlls« 

To  begin  our  analysis  of  projectile  motion  with  air  resistance,  wc  have  to  first 
i  discuss  the  form  of  the  force  law.  We  can  do  this  qualitatively  by 

•  identifyii^  the  relevant  panwnetcis  and  variables  in  the  problem  asp  (the  densi- 
ty of  the  air),  R  (a  size  parameter  of  the  object),  and  v  (the  velocity  of  the  object 
throu^theair); 

•  using  symmetry  principles  (unit  analysis  and  vector/scalar  properties)  to  gener- 
ate a  functional  form  for  the  force  law:  F^-r\pR^vv^^bvv  where  r\  is  a 
dimensKHiiess  parameter; 

•  b^iilding  a  simple  analytic  model  to  estimate  the  dimcnsionlcss  parameter  (air  ;s 
made  up  of  molecules);'' 

•  estimating  the  relevant  time  scales  by  building  gravitational  and  air  resis^tancc 
time  scales  out  of  iy^^i  (fnJb,VQ)\ 

•  studying  the  qtuilitativc  and  quantitative  behavior  in  the  microlab,  including  the 
phenomenon  of  terminal  velocity; 

•  deriving  the  expression  for  tcmiinal  velocity  analytically;  and 

•  doing  homework  problems  for  realistic  cases. 

Here  arc  two  sample  homework  problems  that  can  be  done  at  the  end  of  the 
»niL 

Sample  problem  I:  A  2-gm  sheet  of  paper  is  crumpled  up  into  a  compact  ball 
with  a  radius  of  4  cm.  When  dropped,  it  takes  1.0  sec.  to  fall  a  distance  of  2  m.  Use 
this  to  determine  the  air  resistance  coefficient  b  in  the  force  law  F  =  -  6  v  v.  If  a 
wooden  and  steel  ball  are  dropped  from  the  same  height,  how  long  would  they 
each  take  to  fall?  What  accuracy  would  you  need  in  your  measurements  to  see  the 
difference  in  the  rates  of  fall  between  the  wooden  and  steel  balls? 

Sample  problem  2: 1  throw  a  ball  of  mass  0.25  kg  suaight  up  with  a  speed  of  20 
m/sec.  It  comes  down  1  sec.  earlier  than  I  expected  it  to  if  I  ignore  air  resistance. 
Find  the  air  resistance  coefficient  b  for  this  object  if  the  force  has  the  form 

''tir  resisuncc  =  -  6  V  K. 
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Find  the  coefTicient  r  if    force  has  the  form 

fttssiance 

Design  a  simple  experiment  (with  numbers)  using  this  bail  to  dctrnnine  which 
force  gives  a  better  descrqHion  of  the  real  worid. 

The  example  shows  that  the  actual  computational  work  and  the  programming 
involved  are  a  fairiy  small  part  of  the  unit  But  using  the  computer  permits  us  to 
bring  in  scale  analysis  and  dimensional  analysis,  and  to  demonstrate  approximation 
techniques  and  ways  of  extracting  physics  from  computa  programs.  These  are  all 
skills  that  the  piofessionjl  must  know,  but  that  we  have  had  little  opportunity  to 
teach  in  undergraduate  coi^Tses. 


Student  Projects 

The  second  i^Iication  I  would  like  to  discuss  is  suidcnt  projects.  The  style  of  the 
traditional  introductory  course  is  exceedingly  dry  and  rigid.  The  problems  are  usu- 
ally narrowly  stated  and  have  "right*"  answers.  Although  this  kind  of  work  is  an 
essential  tool  in  the  professional's  kit,  it  is  not  the  only  tool.  Furthermore,  it  is  not 
at  all  clear  that  training  the  introductory  student  c  xlusively  in  this  class  of  prob- 
lems provides  the  proper  Tiltcr  for  selecting  those  suidcnts  who  want  to  be  profes- 
sk>nal  physicists. 

We  have  been  experimenting  with  requiring  independent  projects  at  the  inuo- 
ductory  level.  Because  of  the  availability  of  our  utilities  and  productivity  tools, 
these  projects  arc  not  restricted  to  reviewing  and  writing  a  precis  of  a  small  number 
of  articles  read  in  the  library.  An  ideal  project  can  include: 

•  formulating  a  broadly  phrased  question  of  interest; 

•  doing  preliminary  library  research; 

•  formulating  a  sharper  problem  amenable  to  a  calculation; 

•  performing  the  calculation; 

•  studying  the  output  and  exuacting  the  dominant  physics;  and 

•  communicating  the  results  in  both  written  and  oral  form. 

The  students  in  selected  sessions  of  our  introductory  classes  for  majors  (15  lo 
25  steidents  per  class)  have  carried  out  projects  for  the  last  three  years.  Although 
few  oi  the  projects  satisfy  all  of  the  above  criteria,  many  students  have  performed 
excellent  projects.  The  range  of  computational  activities  is  very  broad,  ranging 
from  none  at  all  to  building  and  debugging  Pascal  codes  of  over  i500  lines  that 
take  a  dozen  hours  to  run  on  a  standard  8088  IBM  PC. 

Our  programs  and  environment  provide  a  wide  variety  of  options.  Students  can 
use  Orbits  as  a  productivity  tool  to  study  cases  in  the  gravitational  rcsuictcd  three- 
body  problem  without  doing  any  programming  at  all.  They  can  use  Thermo  as  a 
simulation  to  generate  the  data  on  interacting  partk:les  in  a  box  under  a  variety  of 
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ctfcumstances  and  write  smalt  pfx>grams  (25  to  SO  lines)  to  analyze  those  data  and 
study  nonequilifcrium  statistical  mechanics.  They  can  modify  our  sample  programs 
Pendulum  and  Project  or  build  their  own  simple  programs  around  MUPgraph  and 
MUPscm  to  study  examples  in  nonlinear  dynamics.  Finally,  they  can  write  iheir 
owi)  programs  from  scratch.  We  have  had  successful  projects  at  all  these  1^^ 

It  is  important  to  have  this  range  of  possibilities  because  our  cmtent  classes  of 
eniering  ftiidents  have  a  very  wide  range  of  computer  e?q)erience,  from  none  at  all 
to  being  able  to  program  fluently  in  a  number  of  dilTertm  languages.  One  interest- 
ing phenomenon  thai  we  have  observed  is  that  the  best  projects  are  not  always 
done  by  Ae  students  who  do  the  best  job  on  exams  or  homework.  By  giving  them 
projects,  we  not  only  provide  our  students  with  an  opportunity  to  train  their 
research  skills,  we  also  give  them  a  wider  variety  of  ways  in  which  to  succeed 

Some  of  the  topics  studied  by  students  in  our  introductory  course  in  the  past 
two  years  include  tethered  satellites,  shepherd  moons  and  particies  ivi  Sctum's 
rings,  the  coll*  jon  of  galaxies,  the  interaction  of  the  planet  Nemesis  and  the  Oort 
ckHid,  Olben»*  paradox  and  the  spectral  disuibution  of  light  in  the  ntghi  sky,  star- 
quakes  and  models  of  neuuon  stars,  and  fractal-basin  boundaries  in  Newton's 
method  of  solving  algebraic  equations. 

Conclusion 

TIte  computer  can  have  a  powerful  effect  on  the  way  we  teach  physics,  even  at  the 
introductory  level.  It  is  not  sufficient  to  use  the  coniputcr  to  illustrate  the  existing 
c  jrricultun;  the  curriculum  must  be  rethought  from  the  ground  up.  In  particular,  the 
computer  can  be  used  to  bring  in  more  contemporary  physics,  give  the  sUidcnt 
opportunity  to  carry  out  open-ended  invertigations,  addr^  spccinc  cognitive  difTi- 
cultics  that  are  discovered  by  detailed  observation  of  student  response,  and  develop 
more  broadly  the  thinking  skills  useful  in  research. 

This  work  h*^  been  supported  in  pan  by  a  grant  by  the  Fund  for  the  Improvement  of  Post* 
Secondary  Education  (USDE).  I  would  like  to  thank  the  chairman.  Dr.  C.-S.  Liu.  and  the 
associate  chainr«an.  Dr.  Angelo  Bardasis.  of  the  Maryland  Dcparunem  of  Physics  and 
Astronomy  for  their  support  and  encouragement.  The  ideas  and  work  presented  here  have 
been  developed  in  close  collaboration  with  my  coworkers  Charles  Misner.  Bill  MicDonald, 
and  Jack  Wilson. 
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Ainoi«ncer  17.  80  (May  1987);  Charles  M.  Misner.  "Spreadsheets  Tackle  Physics 
ProDicms."  Comp.  in  Phys.  Z  27  (May/June  1988);  "Spreadsheets  for  Teaching  Non- 
Specialist  Physics."  AAPT  Announcer  17. 47  (May  1987);  "Numerical  Experiments  in 
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F.  Rcif.  *Teaching  Problem  Solving:  a  Scientific  Approach."  Phys.  Teacli..  310  (May 
1981). 

3.  Simple  analytic  problems  provide  the  research  professional  with  a  framework  or  hierar- 
chical **skeleton"  about  which  more  complex  research  is  suuctured.  They  are  very 
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important  to  the  way  the  researcher  thinks  about  the  subject.  Our  emphasis  on  the  defi- 
ciencies of  the  curriculum  is  not  intended  to  suggest  that  we  replace  or  denigrate  this 
essential  component. 
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^Xiraphics  and  Screen  Input  Tools  for  Physics  Students,**  contributed  paper,  this  vol- 
ume. 

5.  E.  F.  Redish  and  E.  F.  Taylor,  "Impulse  Mechanics,**  A  APT  Announcer  17,  82 
(December  1987). 

6.  J.  B.  Harold,  K.  A.  Hennacy,  and  E.  F.  Redish,  *The  Computer  and  Intuition  Building: 
A  Multi-Body  Orbit  Simulator,**  AAPT  Announcer  17, 58  (May  1987);  J.  B.  Harold,  G. 
Norkus,  and  E.  F.  Redish,  **An  Interactive  Statistical  Mechanics  Program,**  AAPT 
Announcer  17,  82  (December  1987);  Spacetime  Physics  is  available  from  E.  F.  Taylor, 
Department  of  Physics,  MIT. 
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Workshop  Physics:  Replacing 
LectMres  with  Real  Experience 

Priscilla  W.  Laws 

Department  of  Physics  and  Astronomy,  Dickinson  College,  Carlisle,  PA  17013 

We  are  suffering  from  an  uncontrollable  burgeoning  of  knowledge  in  virtually  all 
disciplin  Nowhere  is  this  more  apparent  to  us  than  in  the  grand  enterprise  we 
call  physics,  where  whole  new  areas  of  theory,  application,  and  investigative  tech- 
nology have  flourished  in  the  past  decade.  As  teachers  we  are  challenged  to  learn 
and  teach  fundamentally  new  theories  to  describe  physical  phenomena.  Do  we 
understand  relativity  and  quantum  mechanics  well  enough  to  explain  them  to  intro- 
ductory physics  students?  How  about  chaos,  super  strings,  superconductivity,  and 
the  big  bang? 

Unfortunately,  the  question  of  what  to  teach  in  introductory  physics  courses  is 
not  the  only  question  confronting  us.  The  issue  is  not  simply  what  to  teach,  but 
how  to  teach.  There  is  an  endless  array  of  new  computer-based  instructional  media, 
including  computer-programming  languages,  integrated  software  packages,  tutori- 
als, simulations,  electronic-mail  conferencing,  and  microcomputer-based  sensors. 
Other  new  instructional  iools  include  video  tapes,  interactive  videodiscs,  and  satel- 
lite conferencing.  We  have  also  developed  new  undei  standings  about  student  pre- 
conceptions and  naive  problem-solving  strategies.  The  classroom  applications  ol 
these  new  understandings  about  the  learning  process  constitute  ^an  of  the  growing 
body  of  instructional  technology,  even  when  they  don't  involve  new  hardware. 

The  desire  to  cover  new  ground  and  use  new  technology  presents  us  with  too 
many  choices — relativity,  quantum  theory,  and  chaos  versus  Newton's  laws  and 
classical  thermodynamics;  new  teaching  methods  based  on  cognitive  theones  ver- 
sus nineteenth-century  pedagogy;  the  digital  computer  versus  the  electronic  calcu- 
lator. 
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The  problem  of  having  too  many  choices  has  already  led  us  to  the  creation  of 
the  1,000  page  introductory  text  book.  Students  complete  introductory  courses  in 
such  a  state  of  cognitive  overload  that  all  they  retain  are  a  few  memorized  deflni- 
tions  and  algorithms  for  solving  staiKlard  textbook  problems.  The  mounting  pres- 
sure to  substitute  more  contemporary  topics  for  the  classical  ones  runs  counter  to 
pleas  from  physics  educators  and  cognitive  psychologists  to  offer  students  more 
concrete  experience  before  dealing  with  weird,  abstract  hcorics  about  things  that 
don't  constitute  pan  of  everyday  reality.^ 

The  syndrome  of  cognitive  overload  is  rooted  in  the  presentation  of  far  too 
many  topics,  the  more  contemporary  of  which  represent  major  paradigm  shifts 
away  from  the  basic  worldview  of  classical  physics.  To  adapt  a  familiar  phrase, 
taking  introductory  physics  is  like  trying  to  take  a  drink  from  a  fire  hose. 

We  are  in  an  exciting  period  of  cxixrimentation  with  course  objectives,  content, 
and  pedagogy  in  introductory  physics.  Wc  n^ay  emerge  from  this  period  in  the  his- 
tory of  physics  education  with  a  new  intellectual  canon  that  sweeps  the  nation  and 
eventually  the  world.^  On  the  other  hand,  the  accelerating  evolution  of  the  fields  of 
physics  and  physics  teaching  may  force  us  to  abandon  the  present  uniformity  of 
content  and  teaching  methods  for  endless  experimentation  with  a  host  of  new 
approaches. 


Workshop  Physics:  Its  Premises 

Tho  Workshop  Physics  project  at  Dickinson  College  represents  one  of  a  growing 
number  of  attempts  to  forge  a  new  canon  or  intellectual  tradition  for  introductory 
physics  instruction.^  Those  of  us  on  the  Workshop  Physics  staffs*  want  to  share  our 
experience  with  the  new  approach,  but  not  because  it  represents  the  only  viable 
one.  Instead,  Workshop  Physics  represents  one  attempt  to  address  some  of  the 
generic  problems  with  introductory  physics.  Workshop  Physics  applies  recent  edu- 
cational research  to  the  introductory  physics  curriculum,  and  it  facilitates  this 
aj^licaiion  with  computer  technology.  A  number  of  observations  and  assumptions 
have  guided  the  development  of  Workshop  Physics. 

Reducing  Content  and  Emphasizing  the 
Process  of  Scientific  Inquiry 

In  developing  Workshop  Physics  wc  assumed  that  acquirmg  transferable  skills 
of  scientific  inquiry  is  more  important  than  problem  solving  or  acquiring  descrip- 
tive knowledge  about  physics.  Arons  refers  to  the  acquisition  of  transferable  skills 
as  a  way  of  developing  "'enough  knowledge  in  an  area  of  science  to  allow  intelli- 
gent study  and  observation  to  lead  to  subsequent  learning  without  formal  instruc- 
tion."^ There  ,vcrc  two  major  reasons  for  the  emphasis  on  inquiry  skills  based  on 
real  experience.  First,  most  students  enrolled  in  introductory  physics  at  both  the 
high  school  and  college  level,  do  not  have  sufficient  concrete  experience  with 
everyday  phenomena  to  comprehend  the  mathematical  rcprcscniaiions  of  them  tra- 
Q  ,  ditionally  presented  in  introductory  courses.  The  processes  of  observing  phenome- 
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na,  analyzing  data,  and  developing  verbal  and  mathematical  models  to  explain 
observations  afford,  students  an  opportunity  tr  relate  concrete  experience  to  scien- 
tific explanation.  A  second  equally  important  reason  for  emphasizing  the  develop- 
ment of  transferable  skills  is  that  a  student  who  is  confronted  with  the  task  of 
acquiring  an  overwhelming  body  of  knowledge  must  learn  some  things  thoroughly 
and  acquire  nnethods  for  indep^ident  investigation  to  be  implemented  as  needed. 
This  follows  Phil  Morrison's  adage,  **Less  is  more.*" 

Emphasis  on  Directly  Observable 
Phenomena 

The  guiding  principle  for  retaining  topics  in  introductory  physics  is  that  they  be 
amenable  to  direct  observation  and  that  the  mathematical  and  reasoning  skills 
needed  to  analyze  observations  be  applicable  to  many  other  areas  of  inquiry.  In 
choosing  topics,  we  should  emphasize  the  development  of  operational  definitions 
and  empirical  relationships  before  introducing  fom^::!  deflnitions  and  theoretical 
relationships.<>  We  approve  of  the  trend  toward  motivating  students  with  applica- 
tions of  classical  physics  to  problems  of  current  concern.  Jearl  Walker's  exposi- 
tions of  the  physics  of  everyday  phenomena,  the  physics  of  human  motion,  and 
Newtonian  cosmology  are  splendid  examples  of  contemporary  applications  of  clas- 
sical physics.*^  We  do  not  consider  it  advisable  to  add  topics  such  as  relativity, 
quantum  mechanics,  and  chaos.  Such  topics  require  levels  of  abstract  reasoning  we 
believe  to  be  beyond  the  abilities  of  beginning  students. 

ElinDinating  Formal  Lectures 

Although  lectures  and  demonstrations  are  useful  alternatives  to  reading  for 
transmitting  information  and  teaching  specific  skills,  no  one  has  ever  proved  that 
they  are  efficient  vehicles  for  helping  students  leam  how  to  think,  conduct  scientif- 
ic inquiry,  or  acquire  real  experience  with  natural  phenomena.^  In  fact,  some  edu- 
cators believe  that  peers  are  often  more  helpful  than  instructOiS  in  facilitating 
original  thinking  and  problem  solving.^  The  time  now  spent  by  student^:  massively 
listening  to  lectures  is  better  spent  in  direct  inquiry  and  discussion  with  peers.  The 
role  of  the  instructor  is  to  help  create  the  learning  environment,  lead  discussions, 
and  engage  in  Socratic  dialogue  with  students. 

Using  the  Microcomfjuter  as  a  Flexible  Tool 

When  used  as  flexible  tools  for  collecting,  analyzing,  and  displaying  data 
graphically,  computers  can  accelerate  the  rate  at  which  students  can  acquire  data, 
abstract,  and  generalize  from  real  experience  with  natural  phenomena.  The  digital 
computer  is  an  essential  tool  for  any  inquiry-based  learning  experience  in  phy<*ics 
because  it  has  become  the  most  universal  tool  of  inquiry  in  scientific  research,  i  .ic 
computer  has  had  a  profound  effect  on  the  nature  and  scope  of  physics  research. 
However,  even  computer-aided  inquiry  takes  time,  and  wc  believe  that  students 
cannot  engage  in  the  process  of  guided  inquiry  and  direct  observation,  even  armed 
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with  computers,  and  still  cover  the  amount  of  material  normally  introduced  in  an 
introductory  physics  course  sequence. 

Workshop  Physics:  Its  Practice 

Woilcshop  Physics  was  first  taught  at  Dickinson  O  ge  duri'^g  the  1987-88  aca- 
demic year  to  students  in  both  the  calculus-  and  noucalculus-based  courses.  It  is 
taught  in  three  two-hour  sessions  each  week.  There  are  no  formal  lectures.  The 
course  content  in  Woiicshq)  Physics  is  about  30  percent  less  than  in  our  tradiitional 
courses.  Each  section  has  one  instructor,  two  undergraduate  teaching  assistants, 
and  up  to  24  students.  Each  pair  of  students  share  the  use  of  a  Macintosh  computer 
and  an  extensive  collection  of  scientific  apparatus  and  other  gadgets.  Amon^,  other 
things,  students  pitch  baseballs,  whack  bowling  balls  with  rubber  hammers,^^  pull 
objects  up  inclined  planes,  attempt  pirouettes,  build  electronic  circuits,  explore 
electrical  unknowns,  ignite  paper  with  compressed  gas,  and  devise  engine  cycles 
using  rubber  bands.  The  workshop  labs  arc  stafTcd  during  evening  and  weekend 
hours  with  undergraduate  teaching  assistants. 

The  material  is  broken  up  into  units  lasting  about  one  week,  and  students  use  an 
"Activity  Guide,**  which  has  expositions,  questions,  and  instructions  as  well  as 
blank  spaces  for  student  data,  calculations,  and  reflections.  The  '^Activity  Guide**  is 
keyed  to  a  standard  textboe-k.  Textbooks  that  have  been  used  in  the  calculus-based 
section  include  Scrway*s  Physics  for  Scientists  and  Engineers  and  Halliday  and 
Resnick*s  Fundamentals  of  Physics,  The  noncalculus  section  uses  Faughn  and 
Serway*s  College  Physics. In  general  the  curriculum  emphasi/xs  the  four-part 
learning  sequence  described  by  cognitive  psychologist  David  Kolb.^^  Students 
often  begin  a  week  by  examining  their  own  preconceptions;  then  they  make  quali- 
tative observations.  After  some  reflection  and  discussion,  the  instructor  helps  them 
develop  definitions  and  mathematical  theories.  The  week  usually  ends  with  quanti- 
tative experimentation  centered  on  verification  of  mathematical  theories. 

The  Role  of  the  Computer  in 
Workshop  Physics 

The  computer  is  used  in  almost  every  capacity  except  that  of  computer-assisted 
instruction.  Although  the  m.u.p.p.Ii.t.  project  at  the  University  of  Maryland  hd< 
reported  great  success  at  teaching  mtroductory  students  to  progiam  in  Turbo 
Pascil,^^  our  attempts  to  1''^ corporate  progrr^mming  into  the  introductoi^  lab  a». 
Dickinson,  led  us  to  feel  that  we  were  using  physics  to  teach  computing  raiher  than 
t'le  other  way  around.  We  therefore  use  spreadsheets  as  the  maj  )r  tool  for  calcula- 
tion. 

Linearizaiion  with  Spreadsheets 
and  Graphing 

The  most  popuhr  use  of  spreadsheets  involves  entering  data  directly  inio  the 
spreadsheet  in  Microsoft  V^orks  on  the  Macintosh  SE  computer  for  analysis  and 
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eventual  gr^haig  with  the  Cricket  Graph  software  package.  Linearization  is  con- 
sidered to  be  one  of  ihe  essential  transferable  skills  associated  with  Workshop 
Physics.  Using  the  microcomputer  for  linearization  and  least-squarcs  analysis,  stu- 
dents discover  simple  functional  relationships  empirically  or  verify  matliematical 
theories.  An  unusual  application  of  linearization  involves  a  project  in  which  stu- 
dents poke  nails  through  insulation  board  to  create  a  parallel  array  of  "flux  lines." 
Students  then  count  the  number  of  nails  passing  through  a  wire  hoop  (representing 
a  surface  area)  to  compare  the  angle  of  the  hoop's  normal  vector  with  the  direction 
of  the  naib.  A  graph  of  the  number  of  nails  versus  cos  9  allows  students  to  discov- 
er that  4>^E*A=EA  cos  9,  A  simple  linearization  and  graphing  exercise  is 
illusurated  in  Figure  1. 
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(a)  An  object  is  dropped  from 
di^Terent  heights. 
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(b)  The  data  is  entered  into  a 
spreadsheet  and  calculations 
are  performed.  This  tiikes  a 
minute  or  so  of  a  student's  time 
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(c)  The  Data  is  transferred  to 
Cricket  Graph ^"^^  and  plotted. 
The  parabolic  curve  indicates 
that  S  is  proportional  to  t2.  This 
takes  another  minute  or  so  of  a 
student's  time. 


0  0  0  5 


0  15  2  0  2 
^^2  (s&c'^2) 


(d)  S  is  plotted  as  a  function  of 
t^,  and  the  curve  is  linearized. 
The  slope  of  4.68  m/s  (which 
represents  the  "best  estimate" 
for       is  derivec"  "rem  a  built 
in  least  squares  analysis 


^  Figure  1.  Linearizing  data  with  spreadsheet  and  graphing  software. 
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Calculations  and  Modeling  with 
Spreadsheets  and  Graphing 

Spreadsheet  calculations  are  also  used  instead  of  integration  as  a  tool  to  solve 
numerical  problems.  In  some  cases  spreadsheet  calculations  are  used  for  mathe- 
matical modeling.  For  example,  spreadsheet  relaxation  calculations  work  beautifid- 
ly  for  modeling  the  pattern  of  electrical  potentials  surrounding  the  **clecux>des"  on 
electric-field-mapping  paper.  Mathematical  functions  representing  traveling  waves 
can  be  plotted  in  position  space  at  three  difTcrent  times,  and  the  velocity  of  the 
wave  can  be  measured  on  the  gra(>h.  This  helps  students  explore  the  real  meaning 
of  the  expression  y  =f{x  ±  v/). 

Microcomputer-Based  Laboratory  Tools 

The  so-called  MBL  tools  are  used  extensively  to  collect,  analy/.c.  and  display 
data.  An  MBL  station  consists  of  a  sensor  or  probe  plugged  into  a  microcomputer 
via  an  electronic  device  known  as  an  interface.  With  appropriate  software  the  com- 
puter can  perform  instantaneous  calculations  or  produce  graphs.  Sensors  that  have 
been  linked  directly  to  tiic  computer  include  'he  ultrasonic  motion  detector,  photo- 
gates,  temperature  sensors,  and  gcigcr  tubes.  In  cases  where  the  user  can  observe 
or  control  changes  in  a  system  directly,  the  microcomputer  can  be  set  up  to  display 
a  real-time  graph  of  system  changes.  Ron  Thornton  and  others  have  demonstrated 
ihat  using  MBL  to  create  real-time  graphs  helps  students  develop  an  intuitive  feel- 
ing for  the  meaning  of  graphs  and  for  the  characteristics  of  the  phenomena  they  im 
observing  qualitatively. We  have  found  that  a  time  trace  of  the  position  of  the  stu- 
dent's own  body  is  unparalleled  as  a  tool  for  learning  how  the  abstraction  known  as 
a  graph  can  represent  the  history  of  change  in  a  parameter.  The  real-time  frequency 
distribution  that  can  be  produced  by  using  the  geiger  tube  with  a  radioactive  source 
afTords  the  student  the  same  kind  of  opportunity  to  explore  and  develop  intuitive 
notions  about  both  the  meaning  of  frequency  distributions  and  the  nature  of  count- 
ing statistics.  A  simple  counting  statistics  exercise  is  illustrated  in  Figure  2. 

The  funding  for  Workshop  Physics  has  allowed  us  to  develop  an  interface  to 
link  MDL  sensors  including  the  geiger  tube  and  the  photogate  to  the  Macintosh 
computer.  Some  of  this  development  has  been  'joordiratcd  with  related  projects  at 
Tufts  University  and  Technical  Education  Research  Centers.^ ^  The  photogate  soft- 
ware is  pcdagogically  oriented  and  utilizes  a  raw  plotu.  lo  allow  students  to  sec 
the  times  when  one  or  more  photogates  are  switched  on  or  off  by  real  events.  The 
real-time  raw  plot,  which  is  one  of  Robert  Tinker's  many  innovative  ideas,  encour- 
ages students  to  discover  for  themselves  hoM  to  use  operational  definitions  in  the 
measurement  of  velocity  and  acceleration.  A  simple  photogate  tuning  exercise 
with  raw  plotting  is  illustrated  in  Figure  3. 

Simulations 

In  selc^^t  cases  where  acquiring  real  data  is  not  feasible  or  is  too  time  consum- 
ing, we  hr^ve  resorted  to  smiulations.  David  Trowbridge's  program  -.imulating  posi- 
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(a)  MBL  based  nuclecr  radiation 
counting  system  for  the  Mac 
Computer. 
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(b)  Snapshot  of  a  real  time 
frequency  distribution  for 
600  counting  intervals.  Rough! 
(Not  to  scale) 
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Avg  =  32  6 
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(c)  Snapshot  of  a  real  time 
frequency  distribution  for 
3000  countii  intervals. 
Getting  smoother!  (Not  to  scale) 


(d)  Snapshot  of  a  real  time 
frequency  distribution  for 
5000  counting  intervals. 
Smoothest'  (Not  to  scale) 


Figure  2.  MBL  radiation  detectio  i  for  the  study  of  counting  statistics. 

tion»  velocity,  and  acceleraiion  graphs  for  a  ball  rolling  down  a  set  of  inclined 
ramps  is  one  such  simulation.^^  Eric  Lanc*s  simulation  of  wave  interference  is 
another.  J7  A  third  is  the  display  of  electric  field  lines  from  a  collection  of  charges 
developed  by  Bias  Cabrera  in  a  program  called  Coulomb.  In  Coulomb  students 
enjoy  creating  strange  and  unique  charge  configurations  on  the  computer  screen 
and  watching  the  patterns  generated  by  the  field  lines.  This  simulation  allows  slu- 
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Position  Step 


Lucite  Stick 


T*pf  Strips 
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(a)  A  lucite  picket  is  dropped 
through  a  photogate  system 
causing  the  IR  light  from  the 
LED  to  be  alternately  blocked 
and  unblocked. 


Photodfttctor 


To  microcomputer- 


Selected  At  -  .252  sec 


Gate  1 
Unblocktd 

Gat«  1 
Blocked 
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Row  Plot 


2  3 
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(b)  A  raw  plot»  showing  times  at  which  blocking  and  unblocking  of  the  gate 
occur,  appears  in  real  time  on  the  microcomputer  screen.  The  raw  plot  concept 
was  developed  by  Robert  Tinker  of  Technical  Education  Research  Centers.  Once 
an  experiment  is  complete  students  can  move  cursors  and  determine  time 
intervals  between  various  events  of  interest. 


vl  =  tape  width/At, 

al  =:(v2-vlVATi 

72  =  tape  width/At  2 

etc. 

(t )  Novice  students  can  use  operational  definitions  of  velocity  and  acceleration 
to  determine  the  rate  of  fall  of  the  lucite  picket  through  the  photogate. 

Figurs  3.  Measuring  ecceieration  with  photogate  tioiing. 

dents  10  discover  that  in  two-dimensional  Cabreraland,  the  flux  enclosed  by  a  loop 
is  always  proportional  to  the  net  charge  enclosed  by  the  loop.^^ 


DeskTop  Publishing 

Since  written  communication  skills  are  considered  important,  students  are 
required  to  hand  in  sever^.!  fornal  lab  reports  each  semester  Students  use  the  com* 
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puter  for  won!  processing  and  creating  iq;)parauis  drawings  lOr  formal  laboratory 
reports.  Students  augment  the  word  processing  program  from  the  Microsoft  Works 
package  with  diagrams  created  using  MacDraw. 

Conclusions 

Although  computers  served  a  vital  role  in  the  Woricshop  Physics  program,  the  cen- 
tral focus  of  the  program  is  on  direct  experience-based  instruction,  not  computers. 
Thus  we'd  like  to  think  the  program  could  survive  without  computer.  Still,  the 
availability  of  a  computer  system  for  every  pair  of  students  is  heady  wine.  We  are 
just  beginning  to  explore  the  full  potential  of  classroom  computing,  but  every  time 
we  design  a  better  approach,  another  new  computer  technology  beckons. 

Our  first  year  of  Woricshop  Physics  was  at  once  exciting  and  exhausting.  Wc 
eliminated  the  hour-long  lectures,  and  substituted  hands-on  experience,  but  old 
habits  are  hard  to  break.  Instructors  droned  on  too  long  at  times  during  "exposi- 
tions.** We  often  crammed  too  many  activities  into  a  week.  Students  discovered 
that  learning  by  inquiry  takes  time,  and  that  progress  can  seem  agonizingly  slow. 
At  the  end  of  the  first  semester  a  significant  number  of  students  complained  that 
they  had  done  more  work  in  the  course  than  in  all  their  other  courses  put  together. 
We  learned  from  our  experience.  By  the  end  of  the  second  semester,  wc  had 
calm.^  A>wn  enough  to  evoke  more  favorable  responses  from  students.  In  fact  one 
of  the  sections  got  the  second-highest  numerical  rating  of  any  of  the  hundred-odd 
laboratory  science  sections  taught  at  Dickinson  in  the  past  three  years.  Students 
commented  most  often  that  they  enjoyed  being  active  and  acquiring  transferable 
computer  skills.  The  results  of  tests  on  mechanics  concepts  showed  statistically 
significant  gains  over  those  of  the  pre-Workshop  Physics  sUidcnts.  A  full  assess- 
ment of  the  educational  gains  is  underway  but  will  not  be  completed  undl  the  third 
year  of  the  program. 

Our  experiment  will  continue,  and  wc  hope  many  introductory  physics  teachers 
will  join  us  in  this  exciting  approach  to  introductory  physics  education.  But  even  as 
we  expand  and  refine  our  program,  we  look  forward  to  the  outcome  of  the  experi- 
ments of  our  colleagues  who  seek  to  use  computers  in  different  ways  or  to  incorpo- 
rate twentieth-century  paradigms  into  the  fabric  of  introductory  courses.  Wc  are  all 
pan  of  the  same  exhilarating  quest  to  forge  a  new  intellectual  canon  that  renders 
science  education  more  meaningful  and  stimulating  for  students  and  teachers  alike. 

1.  There  is  a  growing  body  of  physics-cducaiion  litcratuf?  The  focus  in  mosi  of  the  liiera- 
lurc  pertaining  to  concept  development  is  on  topics  amenable  to  concrete  experience. 
An  excellent  introduction  to  the  problems  students  encounter  in  developing  fundamen- 
tal concepts  in  mechanics  is  contained  in  a  review  article  by  L.  C.  McDermott, 
"Research  on  Conceptual  Understanding  in  Mechanics."  Phys.  Today  37.  24  (July 
1984). 

2,  G.  Allan,  *The  Canon  in  Crisis/*  Liberal  Education  72,  89  (1986).  This  article  provides 
an  insightful  analysis  of  the  threats  to  the  intellectual  canons  in  various  disciplines. 
George  Allan  argues  that  ^'contemporary  intellectuals  have  increasingly  been  driven  to 
abaivion  their  belief  in  objective  truth  and  to  seek  refuge  in  relativism."  This  argument 
is  consistent  with  Thomas  Kuhn*s  notions  about  the  cultural  relativity  of  the  scientific 
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entetprisc.  The  i^licaUoris  to  physics  education  tre  obvious.  Quantum  theory  and  spe- 
cial rtlttivity  hive  shaken  the  primacy  of  classical  mechanics  in  the  realms  of  the  very 
small  and  the  very  fast.  More  recently  the  emerging  field  of  chaos  has  threatened  our 
notion  of  approximate  Laplacian  determinism  even  for  the  motion  of  large  objects 
moving  at  orOinary  speeds. 

3.  The  Workshop  Physics  project  began  officially  in  October  1986  with  a  three-year  grant 
from  the  U.S.  Department  of  Education  Fund  for  Improvement  of  Postsccondary 
Education. 

4.  The  1987-88  Workshop  Physics  staif  included  Robert  Boyle.  Priscilla  Laws.  John 
Luetzelschwab,  Guy  Vandcgrift,  and  Neil  Wolf  from  the  department  of  physics  and 
astronomy  at  Dickinson  College  and  Mary  A.  H.  Brown  from  Troy  State  University  in 
Dothan,  Alabama. 

5.  A.  Arons,  "Achieving  Wider  Scientific  Literacy."  Daedalus  112.91  (1983). 

6.  R.  Karplus.  "Educational  Aspects  of  i,\e  Structure  of  Physics."  Am.  J.  Phys.  49.  238 
(March  1981). 

7.  J.  Walker.  The  Flying  Circus  of  Physics  with  Answers  (New  York:  Wiley.  1977);  P 
Brancazio.  Sport  Science  (New  York:  Simon  &  Schuster.  1984);  K.  Laws.  The  Physics 
of  Dance  (New  York:  Schirmcr.  1984);  C.  M.  Will.  "Newtonian  Cosmology." 
Contribution  to  the  Introductory  University  Physics  Project  Conference  at  Harvey 
Mudd  College.  March  1988.  Professor  Will  is  from  the  McDonnell  Center  for  the 
Space  Sciences.  Dcparuncnl  of  Physici.  Washington  University.  St.  Louis.  MO. 

8.  In  Alternatives  to  the  Traditional  (San  Francisco:  Josscy-Bass.  1972).  O.  Milton 
describes  an  experiment  in  which  students  in  an  intnnluctory  psychology  course  who 
are  not  exposed  to  lectures  do  just  as  well  in  the  course  as  those  who  attend  lectures.  In 
What's  the  Use  of  Lectures  (Baltimore:  Penguin.  1971).  D.  A.  Bligh  presents  mcurc- 
seardi  on  the  educational  impact  of  lectures.  The  author  concludes  that  lectures  arc  as 
effective  as  other  methods  for  the  transmission  of  information,  but  that  most  lectures 
are  not  as  effective  as  active  methods  for  the  promotion  of  thought.  'Tccr  Perspectives 
on  the  Teaching  of  Science."  Change,  36  (March/April  1986).  S.  Tobias  describes  a 
study  in  which  a  group  of  experienced  college  teachers  outside  of  physics  helped  iden- 
tify the  nature  of  conceptual  difficulties  in  traditional  physics  lectures  and  demonstra- 
tions. 

9.  The  literature  on  peer  learning  is  scant.  However.  Robert  Fullilovc  from  the  University 
of  Califomia  ai  Berkeley  has  used  peer  interaction  almost  exclusively  in  helping  ior 
ity  students  succeed  in  mathematics  courses  by  enhancing  their  study  skills  and  prob- 
lem solving  abilities.  The  program  has  enjoyed  incret*  hie  success  in  the  past  decade.  It 
has  been  the  observation  of  the  Dickin>on  Workshop  Physics  staff  that  students  display 
more  thinking  capabilities  and  are  far  more  articulate  with  each  other  when  they  think 
no  instructor  is  within  earshot.  Once  a  student  understands  a  concept  he  or  she  often 
uses  a  more  comprehensible  style  of  explanation  and  vocabulary. 

10.  E.  Taylor.  •*Impulse  Mechanics"  (Unpublished  paper  for  the  Maryland  University 
Project  in  Physics  and  Educational  Technology.  University  of  Maryland.  Department  of 
Physics  and  Astronomy.  College  Park.  MD  20742. 1987). 

11  R.  Serway.  Physics  for  Scientists  arJ  Engineers,  2nd  ed.  (Philadelphia:  Saunders. 
1986);  D.  Halliday  and  R.  Resnick.  Fundamentals  of  Physics,  3rd  ed.  (New  York: 
Wiley.  1988);  J.  Faughn  and  R.  Serway.  College  Physics  (Philadelphia:  Saunders, 
1986). 

32.  D.  Kolb.  Experiential  Learning  (Englewood  Cliffs.  NJ:  Prentice  Hall.  1984). 

13.  W.  M.  MacDonald.  E.  F.  Redish.  and  J.  M.  Wilson.  "Freshman  Physics  with  the 
Microcomputer"  (Unpublished  paper  for  the  Maryland  University  Project  in  Physics 
and  Educational  Technology.  University  of  Maryland  Department  of  Physics  and 
Astronomy.  College  Park.  MD  20742.  -988). 

14.  R.  Thornton,  *Tools  for  Scientific  Thinking — Microcomputer-Based  Laboratories  for 
Physics  Teaching."  Physics  Education  22  (1987).  Also  see  R.  Thomton*s  paper.  'Tools 
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for  Scientific  Thinking:  Learning  Physics  Concepts  with  Real-Time  Laboratory 
Measurement  Tools**  in  these  proceedings. 

15.  The  "Toob  for  Thinking*'  project  under  the  direction  of  Ronald  Thornton  of  the  Center 
for  the  Teaching  of  Science  and  Math  at  T\ifts  University  is  funded  by  the  RPSE  pro- 
gram at  the  U.S.  Depuiment  of  Education  to  oversee  the  use  of  MBL  materials  in 
introductory  physics  laboratories  a;  a  number  of  other  colleges  and  universities.  The 
"Modeling"  project  under  the  direction  of  Robert  Tinker  of  Technical  Education 
Research  Centers  was  funded  by  the  National  Science  foundation  to  develop  hardware 
and  software  that  allow  a  snident  to  ccUect  real  data  and  develop  a  mathematical  model 
for  the  behavior  of  a  system  in  an  interactive  fashion. 

16.  David  Trowbridge,  of  the  Cen-  "  -  Educational  Computing  at  Carnegie  Mellon 
University,  has  developed  the  software  package  known  as  Graphs  and  Tracks  for 
Macintosh,  IBM,  and  Sun  computing  systems  using  the  cT  programming  language. 
Also  see  D.  Trowbridge's  paper,  "Applying  Research  Results  to  the  Development  of 
Computer- Assisted  Instruction,**  in  these  proceedings. 

17.  Eric  Lanc*s  Standing  Waves  software  for  the  Apple  II  Computer  is  distributed  by 
Conduit  at  the  University  of  Iowa.  Also  sec  E.  Lane*s  paper,  "Animation  in  Physics 
Teaching,**  in  these  proceedings. 

18.  B.  Cabrera,  Electromagnetism:  Physics  Simulations  II,  available  through  Kinko*s 
Academic  Courseware  Exchange  in  Sanu  Barbara,  CA.  Also  see  B.  Cabrera's  napcr, 
"Early  Experiences  with  Physics  Simulations  in  the  Classroom,"  in  these  proceedings. 


Computers  in  Learning  Physics: 
What  Should  We  Be  Doing? 

Alfred  Bork 

Educational  Technology  Center,  Information  and  Computer  Science,  University  of 
California,  Irvine,  CrVifornia  92717 


Wc  have  serious  problems  in  the  Icammg  of  physics  that  we  are  not  currently  fac- 
ing. The  computer  could  be  a  major  tool  m  overcoming  these  problems,  but  the 
ways  we  have  used  computers  so  far  do  not  address  these  problems  or  do  anything 
substantial  to  improve  the  learning  of  physics.  Many  current  eifforts.  although  well 
intended,  arc  counterproductive.  I  put  forward  a  plan  in  this  paper  that  would  lead 
to  substantial  improvements  and  a  much  better  future  for  all  of  us.  But  it  will 
involve  substantial  changes  in  policy  at  the  national  level. 


Problems  With  Learning  Physics 

At  the  beginning  of  this  century  most  graduates  of  secondary  school  in  the  United 
Slates  had  physics  as  one  of  their  courses.  Currently  only  a  small  fraction  of  sec- 
ondary school  students  take  physics.  The  numbers  of  studei.is  taking  physics  in 
secondary  school  hps  declined  all  through  this  century.  There  w^^  some  slight 
change  in  this  pattern  iring  the  development  of  the  new  curricula,  about  1960.  but 
this  was  temporary.  Many  now  think  that  physics  should  be  taken  m  secondary 
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school  only  by  the  few  students  who  absolutely  need  it  for  the  tuairc.  Counselors 
actively  urge  students  not  to  take  physks  unless  these  students  are  exceptional  or 
are  pursuing  carters  for  which  physics  would  be  essential. 

The  situation  has  deteriorated  to  the  point  that  a  recent  survey  done  by  the 
National  Science  Teacher's  Association  shows  that  only  about  half  the  high 
schools  in  the  United  States  currently  offer  a  physics  course.  Far  fewer  high 
schools  offer  advanced-placement  physics  course,  and  these  high  schools  usually 
cater  to  the  children  of  the  wealthy.  The  data  also  show  that  about  half  of  the  teach- 
ers currently  teaching  physics  are  not  ceitifled  to  leach  physics.  As  with  physics 
enrollment,  these  figures  have  been  moving  in  the  same  monotonic  direction  for 
long  periods  of  time.  The  situation  is  a  disaster. 

We  hear  less  ^bout  the  problems  with  beginning  university  physics  courses.  But 
to  my  mind  the  situation  is  quite  similar.  Research  in  naive  worldviews  often 
shows  that  beginning  physics  suidents,  even  many  of  those  making  high  grades,  do 
not  understand  the  fundamental  concepts  of  these  courses.  They  have  learned  to 
work  set  problems  with  little  understanding  of  what  is  actually  involved. 

Our  physics  courses  at  the  secondary  and  university  level  are  old  in  content  and 
in  structure.  Attempts  at  producing  radically  new  coi  rses  at  both  levels  during  the 
post-SpuUiik  period  have  had  little  lasting  effect.  The  dominance  of  the  Sears- 
Zemanski  Halliday-Resnick  text  tradition  has  been  almost  complete  at  the  universi- 
ty level.  New  books  are  exuemely  similar  to  the  old  books.  Attempts  at  new 
directions,  such  as  the  Feynman  Lectures,  ha  .  d  little  effect  on  inuoduciory 
courses. 

Although  there  has  been  considerable  rese  on  the  issues  of  how  students 
learn  physics,  this  research  has  had  practically  o  effect,  statistically,  on  text  and 
classroom  practice.  None  of  the  currenUy  available  textbooks  reflect  this  research, 
*^nd  the  vast  majority  of  courses  follow  these  textbooks  closely.  We  can  point  to 
inf^^.idua!  examples  where  there  has  been  considerable  influence.  But  here  I  am 
not  concerned  with  examples  that  affect  only  a  few  students,  but  with  the  national 
and  international  situation. 


Computers  in  Physics  Today 

Although  there  is  much  talk  about  computers  and  physics  classes,  wc  sec  ,jc  pos- 
itive net  effect.  So  far  the  computer  as  a  learning  device  has  made  liule  change  in 
the  way  courses  are  bein^  ^ught.  Again  there  are  exceptions,  but  most  of  our 
courses  arc  still  essentially  lecture  and  icxibook-bascd  courses,  with  only  at  best 
minor  additions  from  the  computer.  In  addition,  much  of  the  computer  material 
avaibble  in  physics  is  not  of  high  quality;  it  lacks  even  the  professional  standards 
that  we  see  in  the  poorer  textbooks  Most  of  the  material  produced  so  far  must  be 
considered  bits  and  pieces,  small  individual  programs.  It  makes  liitic  difference  in 
the  extensive  process  of  teaching  physics. 

Computer  units  now  available,  in  all  areas  includmg  physics,  can  typically  be 
described  as  amateurish.  What  has  happened  so  far  should  be  viewed  not  as  serious 
production  of  curriculum  material,  but  rather  as  an  cxperimcnu>l  effort;  wc  arc  u-y- 
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ing  out  difreient  tactics  involving  the  computer  to  get  some  idea  of  the  range  of 
whit  is  possible. 

Even  as  an  experimental  effort,  however,  production  so  far  has  been  limited.  It 
has  not  been  done  at  sufficient  volume,  or  with  sufTicient  controls,  to  allow  experi- 
mentation that  would  be  regarded  as  satisfactory  in  physics  itself.  There  are  some 
exceptions  to  this  n^ative  picture.  But  these  exceptions  are  uncommon.  We  must 
view  the  situation  realistically  if  we  are  to  make  progress. 

Antitechnoiogy 

I  advocate  the  use  of  the  computer  as  a  way  of  solving  the  problems  wc  currently 
have  in  the  learning  of  physics.  I  also  uige  caution.  Experience  shows  that  many 
technology  approaches  are  based  on  technology  instead  of  pedogogy.  This  is  a  scri- 
ous  error. 

Often  the  technology  is  dominant,  the  developers  believe  that  there  is  some 
magical  new  hardware  or  software  that  will  lead  to  solutions  of  educational  prob- 
lems. I  do  not  believe  these  strategies  are  likely  to  be  of  any  use.  They  follow  the 
current  wiU-o*-the-wisp.  Thus  developers  are  interested  in  Macintoshes  for  a 
while,  Suns  for  a  while,  then  RISC  processors,  and  then  some  new  generation  of 
Grays  implanted  in  human  brains  at  birth.  The  "solution"  always  lies,  such  people 
conclude,  with  the  next  generation  of  hardware. 

On  the  software  side,  developers  think  that  they  will  get  magic  results  from  a 
new  authoring  system,  computer  tools,  or  artincial-inlelligcnce  techniques.  There 
is  little  to  suf^xxt  this  so  far,  in  spite  of  the  vast  amount  of  money  that  has  gone  in 
this  direction. 

I  insist  that  our  learning  problems  arc  pedagogical  problems,  and  that  the  com- 
puter, no  matter  what  is  used  or  how  it  is  used,  is  not  r  magical  device.^  There  is  no 
tiieal  tcchn<4ogy.  Rather,  technology  should  be  dictate  d  by  pedagogical  needs.  Tins 
suggests  that  technology  should  always  be  in  second  place,  rather  than  in  first 
place,  perhaps  a  modest  interpretation  of  the  title  of  this  section! 

In  the  pursuit  of  the  latest  technology,  we  tend  to  fc/fget  that  we  seldom  use  the 
technology  that  we  have  adequately.  If  one  looks  at  the  current  generation  of  inex- 
pensive microcomputers,  it  becomes  clear  that  many  of  the  things  we  want  :o  do 
can  be  done  now. 

That  is  not  to  say  that  there  will  not  be  uses  for  new  technology.  Certainly  wc 
will  continue  to  Hnd  that  the  newer  technology  can  be  very  valuable.  But  our  prob- 
lems are  not  fundanoentally  technological,  they  are  pedogogk:al.  They  involve  the 
lack  of  adequate  knowledge  and  resources  for  curriculum  development.  The  pur- 
suit of  technology  in  education  consumes  large  amounts  of  money,  but  instead  of 
spending  money  in  rational  ways,  we  are  always  looking  for  magical  new  solu- 
tions. 


What  Can  the  Computer  Do? 

So  far  in  this  paper  I  have  taken  a  negative  tone,  pointing  out  that  pnblems  arc 
severe  and  that  the  computer  has  done  very  little  to  help  with  these  problems.  But 
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my  intent  in  this  paper  is  not  to  be  negative.  Rather  it  is  to  outline  a  positive  posi- 
tion, to  show  first  how  the  computer  could  be  used  to  improve  our  educational  sys- 
tem, including  the  learning  of  physics,  and  to  suggest  a  strategy  to  achieve  this. 

What  are  the  advantages  of  the  computer  in  learning  modes?  Most  of  these 
advantages  flow,  I  ciaim,  from  the  fact  that  computer-based  learning,  in  the  most 
gereral  sense  of  the  term,  can  be  highty  intenirt;*-.  :„tf:racuon  me^jis  that  there  is 
frequent  and  meaningful  response  from  both  the  computer  and  from  students. 

Our  standards  of  interaction  in  our  woric  u  the  Educational  Technology  Center 
consider  two  factors,  the  degree  of  interaction  and  the  quality  of  interaction.  The 
degree  interaction  refers  to  how  frequently  interaction  occurs.  We  Hnd,  in  test- 
ing in  environments  where  students  are  free  to  leave,  that  IS  scccnds  is  about  the 
maximum  time  that  should  elapse  between  the  time  a  student  has  completed  reply- 
ing to  one  question  on  the  computer  (or  making  some  other  meaningful  input)  and 
the  time  a  student  is  in  a  position  to  consider  some  different  input.  There  is  nothing 
hard  and  fast  about  this  IS  seconds,  but  we  find  that  in  testing  in  environments  like 
public  libraries  that  students  tend  to  leave  when  interaction  becomes  much  slower 
than  this.  This  implies  that  ihero  cannot  be  much  text  or  visual  information  present- 
ed in  one  chunk  if  we  arc  to  attain  a  satisfacti  ry  degree  of  interaction.  We  do  not 
want  to  create  books  or  films  on  the  computer. 

Quality  of  interaction  is  a  more  difficult  issi^c.  The  standard  for  quality  stiould 
be  the  standard  in  human  conversation.  If  a  good  tutor  worhs  individually  with  two 
or  three  students,  helping  them  to  learn  physics,  then  we  arc  seeing  qu«tHty  interac- 
tion. We  can  refer  to  this  type  of  computer  use  as  Soci^tic,  because  Socrates  taught 
in  such  an  interactive  fashion.  He  seldom  gave  infoimation;  nther  he  asked  ques- 
tions, leading  students  to  discover  for  themselves  the  fundamental  ideas.  The  pro* 
cess  is  like  the  development  of  science  itself. 

We  can  easily  point  to  examples  of  [  3or  interaction.  I  have  argued  in  the  past, 
and  continue  to  believe  strongly,  that  multiple  choice  is  a  poor  form  of  interaction, 
not  worthy  of  use  in  any  form  with  students,  and  certainly  not  desirable  in  comp  it- 
er-based  material.  While  I  am  sympathetic  with  the  problems  of  ihose  with  v.ry 
large  classes,  people  who  give  multiple  choice  tests  should  reali/e  tnat  they  do  so 
as  a  matte  of  expediency;  such  a  practice  is  not  pcdagogically  desirable.  Multiple 
choice  in  computer  material  is  ridiculous,  a  sign  of  poor  material. 

Interaction,  with  the  computer  interacting  frequently  and  carefully  ir.  a  mean- 
ingful way  with  users,  has  at  least  }  important  consequences.  First,  it  allows  us 
to  do  something  almost  impossible  in  lecture-based  and  textbook-based  classes,  as 
long  as  there  are  more  than  alK>ut  ten  people  in  these  classes:  it  allows  us  to  mdi* 
vidualizc  learning  to  the  needs  of  each  student.  Very  few  physics  classes  arc  cur- 
rently individualized  to  the  needs  of  each  student.  Some  students  (about  20 
percent)  do  well  because  the  learning  method  presented  matches  their  needs,  or 
because  they  have  excellent  backgrounds  or  other  advantages.  But  students  who 
need  specialbed  help,  difiVent  from  that  offered  in  the  standard  course,  do  poorly. 

There  is  good  evidence  from  the  research  on  mastery  learning  that  every  stu- 
dent can  leam  material  to  "A"  level.  Our  experiences  in  physics  with  the  personal- 
ized system  of  inslrucdon  sho.^s  the  possibilities,  although  success  in  that  area  was 


36 


The  Computer's  Impact  on  the  Physics  Curriculum 


very  often  limited  to  small  classes  and  lo  instructors  who  understood  the  system.  In 
large  classes,  there  were  severe  logistic  ryroblems  with  the  personalized  system  of 
instruction.  However,  experience  indicates  that  computers  can  solve  these  logistic 
problems. 

The  second  major  consequence  of  interaction  is  motivation.  Our  own  studies  in 
public  libraries  show  that  students  will  stay  for  very  long  periods  of  time  at  diffi- 
cult learning  tasks,  provided  these  tasks  are  interactive.  Generally  we  need  lo  give 
far  more  consideration  than  we  currently  do  to  motivational  issues  in  our  classes 
and  in  our  learning  materials.  The  notion  (often  underlying  development  in  the 
early  parts  of  the  1960s  and  still  too  frequent  today)  that  material  intrinsically 
interesting  to  the  professional  will  be  intrinsically  ir.ieresting  to  the  student,  has 
been  shown  many  times  to  be  false. 

The  computer  affords  us  an  opporlunilv  lo  magnify  the  power  of  excellent 
leacht^.  We  have  always  had  a  few  very  good  teachers.  Our  problem  has  been  that 
the  eficci  of  these  extremely  good  teachers  has  been  very  limited.  They  see  only  a 
few  students,  and  there  are  vast  numbers  of  students  in  the  country  and  in  the 
world.  Attempts  to  spread  their  tactics  lo  wider  audiences  have  generally  failed. 
Thus  we  discount  the  enthusiastic  articles  in  the  journals  about  a  marvelous  course 
because  we  know  that  course  was  marvelous  because  of  the  individual  involved, 
not  because  of  the  particular  strategies  that  individual  was  using. 

The  computer  gives  us  a  way  for  jxcelienl  teachers  to  reach  not  just  the  few 
hundred  people  that  they  might  normally  have  in  their  classes  in  a  year,  but  mil- 
lions 0£  people.  We  hope  at  one  point  that  video  material  would  accomplish  this, 
but  video  is  an  inherently  nonintcractive  medium  and  has  seldom  produced  results 
better  than  those  of  traditional  lecture. 

Current  Courses  versus  New  Courses 

Most  of  the  computer  use  at  the  present  time  is  in  small  amounts  of  material  added 
lo  courses  developed  before  the  computer  came  into  existence.  Adding  a  few  com- 
puter modules  to  a  Halliday  and  Resnick  course  and  giving  the  tests  that  were 
given  before  the  computer  arrived,  is  unlikely  lo  lead  to  any  fundamental  differ- 
ence in  the  course. 

Our  courses  are  old.  and  therefore  wc  need  new  courses.  This  is  independent  of 
the  coinpuler.  But  the  computer  gives  us  a  whole  range  of  new  possibilities  for 
these  courses.  Courses  using  the  computer  extensively  can  be  very  different  in 
structure  and  in  content  from  our  current  courses.  I  have  elsewhere  described  pos- 
sible new  course  structures. 

Our  hope  lies  in  our  ability  to  generate  new  courses,  courses  that  from  the  vc^ 
beginning  assume  that  the  computer  is  available  as  part  of  the  learning  resource , 
All  of  the  decisions  about  how  the  computer  is  used  can  be  made  because  of  the 
pedagogical  needs  of  the  students,  thus  leading  us  to  possibilities  that  could  not 
possibly  have  been  in  existing  courses*  bccau::  they  were  developed  before  the 
computer  was  available. 
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This  is  not  to  say  thai  we  will  not  continue  to  use  the  older  learning  media. 
Naturally  we  will  use  all  the  learning  resources  we  have  at  our  command.  This  is 
not  a  game  we  are  playing,  but  rather  a  serious  attempt  to  assure  maximum  learn- 
ing for  all  students!  Hence  we  would  not  want  to  rule  out  anything  that  might  be 
helpful  to  some  of  the  students  involved  in  our  learning  environments. 

The  aim  of  the  new  courses  should  be  that  all  students  learn.  This  means  that 
they  should  learn  to  the  mastery  level,  typically  represented  by  "A"  work  in  our 
courses.  Experience  with  mastery  learning  strategies,  such  as  the  personalized  sys- 
tem of  instruction,  shows  that  this  is  possible.  The  new  courses  should  provide 
individualized  aid  and  assistance  to  meet  the  typical  student  problems  that  occur 
within  the  physics  environment.  They  should  be  interesting  to  students.  The  learn- 
ing mode  should  be  interactive. 

These  course'^  must  be  developed  wiili  a  full  professiopil  system.  We  cannot 
develop  the  courses  we  need  unless  we  approach  them  jsly.  We  use  profes- 
sional standards  in  our  research  efforts  in  physics,  and  v,  nould  not  use  amateur 
standards  when  it  comes  to  developing  learning  material.  Learning  must  be  consid- 
ered as  serious  a  problem  as  research. 

We  do  h?.ve,  nationally,  experience  in  developing  full-scale  courses  using  the 
computer.  Many  of  these  courses  were  developed  many  years  ago.  The  Stanford 
logic  and  set-theory  courses,  taught  for  many  years  as  the  standard  courses  in  those 
areas  at  Stanford,  certainly  compare  favorably  with  the  traditional  noncomputer 
courses  in  those  areas,  as  judged  from  the  standpoint  of  student  learning.  The  intro- 
ductory physics  course  developed  at  the  University  of  California,  Irvine,  many 
years  ago  is  another  promismg  example.  Unfortunately,  funding  for  developing 
new  courses  of  this  type  has  been  difficult  to  obtain.  Indeed,  funding  for  convening 
these  existing  courses  to  modem  machines  has  not  been  available. 

How  Do  We  Proceed? 

> 

If  the  reader  has  been  following  the  argumenis  to  this  point,  the  question  that 
comes  to  mind  involves  procedure.  How  do  we  move  on  from  the  current  unsatis- 
factory state  to  a  desirable  state?  What  do  we  do,  for  example,  with  students  in  the 
high  schools  who  do  not  have  a  physics  teacher,  or  have  a  physics  teacher  on  emer- 
gency certification  without  the  qualifications  for  teachmg  physics?  What  do  we  do 
about  the  fact  that  even  in  our  best  classes,  many  people  do  not  leani?  I  suggest  Lhc 
following  approach. 

The  Larger  Problem 

First,  we  must  rcali/.e  that  we  cannot  solve  this  problem  for  physics  alone.  The 
learning  problems  are  too  interrelated  with  other  subject  areas;  many  of  them  occur 
across  the  educational  spectrum.  Furthermore,  the  efforts  needed  arc  such  that  if 
we  do  it  for  one  course  we  have  hardly  scratched  ine  surface. 

Hence  the  problem  of  constructing  new  physics  courses  for  all  levels,  from  ear- 
liest childhood  through  our  advanced  university  degrees,  is  not  a  problem  that  can 
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be  considered  by  itself.  Even  if  we  look  only  at  the  most  critical  needs,  the  begin- 
ning courses  in  the  secondary  school  and  the  university,  we  cannot  view  this  as  an 
iso  ited  problem.  Rather  we  must  look  at  the  entire  spectrum  of  education  if  we  are 
to  have  success.  Physics  depends  on  other  subjects  such  as  math.  Furthermore,  the 
knowledge  we  need  about  how  computers  can  be  used  effectively  must  be  gathered 
in  the  broadest  possible  environment. 

The  Experimental  Phase 

We  cannot,  I  would  argue,  proceed  immediately  and  wisely  to  the  large  problem  of 
full  curriculum  development  Rather  we  need  to  learn  more  about  the  effectiveness 
of  the  compute.- as  a  learning  device,  more  than  we  have  learned  with  the  sporadic, 
often  expensive,  efforts  that  have  occurred  so  far.  We  iieed  a  rational  approach. 

Before  we  can  st  rt  on  a  full  development  of  the  extensive  computer-based 
learning  material  needed  to  restructure  the  educational  systems  of  the  world,  we 
need  to  learn  about  how  to  proceed.  We  have  had  development  of  full-scale  cours- 
es. But  this  development  has  been  too  specialized,  with  too  few  courses  over  loo 
long  a  period  to  give  us  the  data  we  need  for  the  rational  planning  and  implement- 
ing of  the  much  more  extensive  development  phase  that  would  follow. 

Hence  it  is  essential  that  we  begin  as  soon  as  possible  a  full-scale  experiment  to 
develop,  evaluate,  and  use  a  series  of  courses  that  include  all  that  we  know  about 
technology  and  learning  in  general.  These  courses  should  be  developed  in  areas 
that  correspond  to  our  standard  courses  so  that  these  courses  can  be  used  as  a  basis 
for  testing. 

If  we  arc  to  gather  the  detailed  mformation  required  a  summary  evaluation  of 
each  new  course  should  be  done  with  very  large  numbers,  hundreds  of  thousands 
of  typical  students.  We  wish  to  discover  not  which  courses  are  superior,  but  winch 
components  and  tactics  work  best  for  what  situations.  Furthermore,  we  want  to 
study  carefully  the  processes  for  developing  of  courses.  We  should  develop  differ- 
ent courses  with  different  slralegir s  so  that  we  can  gain  experience  for  future 
development. 

How  many  courses  are  needed  to  gain  enough  information?  I  believe  that  about 
20  courses  should  be  developed  in  this  stage.  The  cost  for  such  an  experiment,  over 
possibly  a  six-year  period^  including  extensive  evaluation,  would  be  about  S2()0 
million.  In  terms  of  the  educational  budgets  of  the  United  States  and  of  the  vvorid, 
this  is  uivial,  almost  at  the  noise  level. 

The  Development  Phase 

The  next  stage  would  be  to  extend  tSe  lessons  learned  in  the  first  stage,  the  expen- 
mental  stage,  to  a  much  wider  basis.  We  need  to  work  quickly,  because  our  time  to 
accomplish  these  tasks,  given  the  probl'^ms  that  education  faces,  is  brief.  But  we 
will  not,  I  believe,  adequately  plan  and  carry  out  this  phase  without  the  results  of 
the  experimental  effort. 

The  cost  of  full-scale  development  would  be  .,i/able,  if  judged  m  absolute 
^     terms.  The  cost  for  the  hardware  to  support  it  would  be  similar  *o  the  costs  for 
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development  of  the  material.  As  a  percentage  of  the  total  .  ost  of  education  the 
development  costs '  -e  are  still  quite  small. 

I  have  written  elsewhere  about  this  plan,  and  I  will  be  happy  to  send  additional 
details.  Many  of  rlie  details  would  depend  on  the  results  of  the  experimental  phase. 

The  Politics  of  Education 

How  do  we  gel  this  to  happen?  First,  people  have  to  view  this  plan  as  desirable. 
That  would  be  part  of  the  effort  of  ilie  experimental  phase.  Second,  the  money 
must  be  available,  and  the  planning  must  be  undertaken.  For  the  experimental 
phase,  existing  organizations  with  existing  funds  could  carry  out  this  activity  if 
they  felt  it  desirable.  But  for  the  full  development  phase  we  need  a  sizable  commit- 
ment of  the  governments  of  'he  worid  to  improving  Icammg  for  all  students.  Thus 
a  management  structure  is  ^  senlial. 

The  task  of  convincing  authorities  will  not  be  easy.  But  it  seems  essential 
that  we  try.  What  arc  our  alternatives? 
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Contemporary  Physics  in  the 
Introductory  Course 

D.  F.  Holcomb 

Dtpc^ment  of  Physics,  Cornell  University,  hhaca,  NY  14853 


Stimulated  by  a  widely  perceived  need  for  renovation  in  iJic  conir*'*  ^nd  style  of 
the  introductory  cakulus-bascd  physics  course,  a  project  to  seek  reaastic  ways  to 
achieve  that  renovation  is  underway.  The  project  is  known  formally  as  the 
Introductory  University  Physics  Project  (lOPP),  with  John  S.  Rigdcn  as  leader. 
Several  study  groups  have  been  set  up  to  concern  themselves  with  particular  modes 
of  attack  on  the  problem.  One  such  study  group,  of  which  I  am  a  member,  focuses 
on  seeking  natural  ways  to  introduce  contemporary  physics  into  the  introductory 
course  through  a  phenomcnolpgical  ^proach. 

By  the  term  **phcnomcnological  approach"  we  mean  the  development  of  mod- 
els and  connective  tissue  based  upon  the  organization  and  analysis  of  observed  and 
experimental  facts  rather  than  upon  the  development  of  underlying  synthetic  mod- 
els. We  envision  that  the  level  of  theoretical  background  needed  for  a  phcnomcno- 
logical  approach  will  not  differ  significantly  from  the  level  currently  achieved  in  a 
typica'  introductory  course. 

Those  of  us  working  with  the  lUPP  think  that  the  computer  will  olay  a  strong 
role  in  whatever  proposed  course  patterns  eventually  emerge  from  our  activities. 
Thus  while  the  phcnomenological  study  group  has  not  specifically  examined  the 
way  in  which  the  computer  will  facilitate  the  presentation  of  materials,  we  presume 
that  such  facilitrition  will  occur.  My  purpose  here  is  to  make  a  rather  brief  progress 
report  of  the  activities  of  this  study  group  so  that  those  attending  this  conference 
will  be  aware  of  one  possible  future  direction  for  the  content  aiid  style  of  the  intro- 
ductory comre. 

It  is  important  to  clarify  liu  way  in  which  the  word  "contemporary"  is  used  in 
my  remarks.  The  tenn  "modem  physics"  has  come  to  denote  primarily  the  content 
of  the  great  revolutionary  theories  of  the  first  30  years  of  this  century:  relativity 
and  quanUim  theory.  The  last  main  events  of  this  drama  too'.-  place  approximately 
50  years  ago  with  the  codification  of  nuclear  physics  in  the  great  Bethe  and 
Livingston  articles  of  1938. 1  wonder  if  our  students  mu.sc  upon  the  fact  that  to  us 
"modem"  means  1900-1938?  By  "contemporary  physics"  I  mcun  topics  that 
recently  have  occupied  the  attention  of  physicists  and  interested  bystanders.  These 
topics  may  involve  majci'-  theoretical  syntheses  such  as  the  recent  union  of  particle 
physics  and  cosmology,  or  subjects  that  are  at  the  moment  essentially  phcnomeno- 
logical, such  as  the  high  1\  superconductors.  Topics  might  indeed  be  ba.sed  on 
quantum  theory  and  relativity,  but  they  could  very  well  rest  upon  new  glories  of 
Newtonian  mechanics  brought  to  our  consciousness  by  the  power  of  the  modem 
computer. 
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Activities  of  the  "Contemporary  Physics  through 
Phenomenology"  Group 

The  lirsi  substantive  meeting  of  the  study  group  look  place  at  Harvey  Mudd 
College  on  March  11-13,  1988.  Those  participating  were  Judy  Franz,  West 
Virginia  University;  Franz  Gross,  College  of  William  and  Mary;  Daniel  Kleppncr, 
MIT;  Brian  Maple,  University  of  California  at  San  Diego;  Jonathan  Reichcrt, 
SUNY  Buffalo;  Brian  Schwartz,  Brooklyn  College;  Clifford  Will,  Washington 
University;  and  myself.  Each  participant  discussed  a  particular  topic  in  physics  of 
contemporary  interest  from  the  standpoint  of  how  it  might  fit  naturally  into  the  fab- 
ric of  an  introductory  course.  Following  ihe»  presentations,  we  found  it  natural  to 
ask  ourselves  how  the  fundamental  underiying  structure  of  the  introductory  course 
might  be  changed  to  accommodate  our  suggested  topics  while  at  the  same  time 
keeping  the  total  syllabus  to  a  reasonable  length.  In  fact,  another  guideline  of  the 
lUPP  group  was  that  a  renovated  syllabus  for  the  introductory  course  must  be  less 
encyclopedic  than  the  typical  current  pattern. 

Sample  topics  in  contemporary  physics  that  members  of  the  group  feci  would 
be  amenable  to  our  approach  are  listed  below.  The  list  is  obviously  a  consequence 
of  the  particular  array  of  research  backgrounds  of  study-group  members,  so  it 
should  be  viewed  as  a  list  of  examples  rather  than  a  list  winrtowul  through  a  .hor- 
ough  review  process. 

Nuclear  Physics 

Determining  nuclear  sizes  from  proton  and  electron  scaiiermg 
Stability  of  matter — nuclei,  crystals,  neutron  stars 

Semconduclors—p-n  junction  in  particular 

Signal  diode 

Phoiodiode 

Si  solar  cell 

Light-emitting  diodes 

Superconductors 
Electrical  properties 
Magnetic  properties 
Applications 

Electrons  in  Metals 

States  of  Matter  near  0  K 

Particle  Ph)  dcs 

Study  of  collisi'^  ns  and  creation/annihilation  phenomena  usmg,  for  example, 

bubble-chamber  photos 
Organizing  experimental  information  through  conservation  prmciplcs 
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Newtonian  Cosmology 
Cosmological  Principle,  Hubble  Law 
Bound  or  unbound 
Age  of  the  Universe 
Evidence  for  daiic  matter 

General  Relativistic  Phenomenology  (no  curved  space  time) 
Weak  principle  of  equivalence 
Gravitational  redshift 
I>:flection  of  light 

Short  Topics  of  Special  Interest 
Single  ions  Uapped  in  EM  fields 
Chaos 

Material  developed  for  these  or  other  topics  must  be  tested  against  the  follow- 
ing check  list: 

1.  What  is  the  required  student  background  in  both  physics  and  mathematics? 

2.  Where  and  how  might  the  topic  fit  into  the  introductory  course  as  now  taught? 
Appropriate  questions  would  be 

a.  How  would  it  depend  on  previous  material? 

b.  How  might  it  lead  on  to  other  suitable  topics? 

c.  Does  it  synthesize  earlier  ideas? 


Thoughts  about  a  New  Course  Framework 

After  reviewing  the  topics,  the  group  realized  that  it  needed  to  understand  how 
such  topics  might  be  integrated  into  a  one-year  introduct.)ry  calculus-based  course. 
Thus  we  blocked  out  a  framework  for  the  course.  This  proposed  framework  is 
sketched  below,  with  possible  locations  of  !he  contemporary  topics  previously  list- 
ed. This  framework  is  more  thoroughly  developed  in  my  remarks  to  the  sympo- 
sium entitled  "Physics  Student  of  the  1990s"  elsewhere  in  this  volume. 


Framework 


Contemporary  Phvsics  Topics 


First  Term 
Mechanics,  Pan  I* 

Conservation  of  p,  E 

F  =  ma 

MA  forces 

Potential  energy 
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Particle  physics,  via  analysis  of  bub- 
ble, spark,  or  wire  chamber  pictures 
Theme:  Building  conservation  laws 
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Waves 
Standard  introduction 
Interfeience  phenomena 
Diffraction 
Band-width  theorem 


Comment:  Early  introduction  of  wave 
physics  is  key  to  making  contemporary 
physics  available    the  first  term. 


Wave  physics  is  actually  easier  than 
much  of  mechanics. 


Quantum  Ideas 
Wave  properties  of  particles  via, 
e.g.»  electron  diffraction 

AE^hf 


Nuclear  sizes,  via  scattering 
Spacing  in  crystals 
Molecular  dimensions 
Stability  of  matter 
Nuclei,  atoms,  crystals 


Heisenberg 

Standing  Q-waves  in  a  box 

Second  Term 
Mechanics,  Pan  11* 
Fields 

Gauss's  Law 

Gravitation  Newtonian  cosmology 


Statistical  Physics* 

To  get  to  the  point  of  inuoducing  Condensed-mattcr  physics 

the  Boltzmann  distribution  so  that  Electrons  in  metals 

one  can   use   the   relation:  Superconductivity 

Occupation     of    nth    state  Semiconductors:  Exploiting  the  p-n 

«  exp  (rEJkT)  junction 


*  The  appropriate  contc.it  of  these  basic  sections  is  the  subject  of  deliberations 
of  other  study  groups  in  lUPP. 

Physics  is  a  living  subject.  Its  ways  of  describing  the  world,  its  conceptual  and 
theoretical  structure,  and  its  subject-mauer  priorities  are  eternally  provisional.  At 
the  same  time,  the  strength  of  the  physicist  is  confidence  in  the  time-lcstcd  models 
and  modes  of  analysis  developed  between  the  time  of  Newton  and  the  beginning  of 
the  twentieth  cenUiry.  The  person  who  plans  course  content  for  an  inuoductory 


Size  of  universe 
Hubble,  etc. 
Bound  or  unbound? 
Age  of  universe 
Dark  mauer 


Electricity  and  Magnetism* 


General  relativistic  phenomonology 
No  curved  space  time 


States  of  matter  near  0  K 
Phase  transitions 
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course  is  pulled  between  two  attractive  but  perhaps  mutually  exclusive  options:  to 
provide  a  sound  grounding  in  "classical**  physics,  or  to  show  the  liveliness  and 
open-cndedness  of  contemporary  physics.  An  effort  to  achieve  a  satisfying  synthe- 
sis of  the  two  desiderata  must  involve  a  rather  substantial  rearrangement  and  alter- 
ation in  emphasis  of  the  paradigm  for  the  introductory  coune  that  has  prevailed  for 
the  past  30  years.  Such  a  rearrangement  may  permit  natural  and  effective  integra- 
tion of  contemporary  physics  within  the  fabric  of  the  introductory  course. 


Changing  the  Introductory  Physics 
Sequence  to  Prepare  the  Physics 
Student  of  the  1990s 

Jack  M.  Wilson 

AAPT,  Department  of  Physics,  University  of  Maryland,  College  Park,  MD  20742 


Change  in  physics  comes  quickly,  is  readily  communicated,  and  is  widely  appreci- 
ated. Chi.nge  in  physics  teaching,  however,  is  long  in  development,  poorly  commu- 
nicated, and  generally  resisted  by  various  special  interests  in  the  physics  teac'  ing 
community. 

Academic  research  physicists  resist  change  because  it  will  place  a  larger 
demand  on  their  time.  Leaders  in  research  in  physics  education  resist  because  the 
academic  content  may  change  to  what  they  feel  is  a  more  abstract  (non-Newtonian) 
approach.  Evaluators  look  at  what's  being  done  and  say  "You  can't  prove  this 
v;orics  any  better,  so  why  should  we  bother  to  change?"  Some  compare  our  efforts 
to  the  "new  math"  and  express  great  skepticism  over  any  attempts  to  improve  the 
curriculum.  Is  it  any  wonder  that  such  a  large  disparity  exists  between  teaching 
physics  and  doiig  physicr? 

The  introductory  physics  course  epitomizes  this  problem. i  It  will  also  be  the 
most  difficult  to  change  because  the  special-interest  groups  have  well-formulated 
positions  and  entrenched  bureaucracies  from  which  they  will  fight  proposed  inno- 
vations. Perhaps  there  is  a  positive  side  to  this— all  innovations  should  be  tested 
and  criticized— but  the  effect  has  been  to  stifle  and  inhibit  needed  improvements  in 
the  curriculiim-^articularly  in  the  introductory  course. 

Topic  seler^'on  in  introductory  physics  is  often  driven  by  the  mathematical 
complexity  o.  Jie  techniques  needed  to  study  the  topic.  Many  topics  are  "off  lim- 
its" because  the  students  are  not  expected  to  have  the  requisite  mathematical  tools. 
As  computing  power  becomes  widely  available  in  physics  departments,  a  new  set 
of  tools  becomes  available  for  student  use.  Previously  off-limits  topics  become 
easily  accessible.  How  will  this  power  be  put  to  use  in  the  teaching  of  physics? 
What  are  some  of  the  topics  that  could,  and  should,  be  added  to  the  introductory 
sequence?  How  will  that  change  the  courses?  How  will  the  rest  of  the  physics 
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sequence  change  as  a  result?  These  questions  will  be  considered  in  this  and  several 
related  tal  s. 

The  use  of  the  computer  has  become  one  of  the  dominant  physics  teaching 
issues  of  our  tin;e.  Large  questions  loom  before  us.  Will  computet^  improve 
physics  teaching  or  make  it  worse?  What  other  changes  will  come  after  we  intro- 
duce computers  into  the  curriculum?  How  can  the  computer  best  be  used?  How 
can  we  ensim;  that  less  advantaged  students  will  have  access  to  computers?  Will 
the  advances  of  research  into  physics  learning  be  incorporated  mto  the  new  curric- 
ula? Will  the  new  curricula  reflect  contemporary  physics  and  the  way  physics 
problems  are  solved  today?  I  like  to  sum  all  of  this  up  by  slating  that  there  are 
three  forces  being  exerted  on  physics  today — the  Uiree  C*s:  computers  in  physics, 
contemporary  physics,  and  cognitive  issues. 

At  the  University  of  Maryland  we  have  formed  a  group  of  physicists,  most  of 
whom  are  v/ell-known  researchers,  who  are  trying  to  pull  together  some  of  these 
issues  in  order  to  set  new  directions  for  undergraduate  physics  programs.  The 
M.u.RRE.T.  is  directed  by  Edward  F.  Rcdish  and  me,  and  includes  Charles  Misner 
and  William  MacDonald  as  additional  principal  investigators.  Approximately  eight 
other  physicists  from  the  department  have  contributed  to  'jome  of  our  projects. 
Much  of  what  I  have  to  say  today  will  draw  upon  our  experiences  with  ihe 
M.U.P.P.E.T.  project  while  working  with  a  variety  of  clas':cs  ranging  from  the  intro- 
ductory to  the  graduate  level. 

We  began  by  reviewing  what  students  were  Icaming  in  introductory  physics  and 
what  we  wanted  them  to  learn.  Unfortunately,  in  our  opinion,  most  introductory 
physics  courses  were  iCaching  students  that  physics  was  hard  to  understand,  mathe- 
matically indicate,  relentlessly  deterministic,  and  concemed  with  levers,  inclined 
planes,  and  'Yojectiles.  The  body  of  literature  on  teaching  physics  and  research  in 
physics  education  tends  to  confirm  this  opinion. 

We  saw  the  introductor>*  physics  course  as  the  pivotal  course  in  the  curric-jlum. 
Improvement  in  this  course  is  a  prerequisite  for  improvements  in  both  advanced 
and  high  school  courses.  Advanced  physics  courses  are  built  upon  the  solid  foun- 
dation of  the  introductory  course,  and  high  school  courses  \ry  to  emulate  the  uni- 
versity course  to  prepare  students  for  further  study.  We  felt  that  the  inuoductory 
physics  course  acted  as  an  anchor  for  the  physics  community— an  inviolable  bas- 
tion against  change.  We  felt  ti  tt  the  outdated  and  authoriUirian  curriculum  often 
lost  us  good  physics  majors.  Students  majored  in  physics  not  because  of  the  inuo- 
ductory  course,  but  in  spite  of  it.  We  al.so  felt  that  the  training  was  inappropriate  for 
today's  physics  majors. 

It  is  not  enough  simply  to  catalog  the  failings  of  the  present  syuem;  we  also 
wished  to  explore  the  characteristics  such  a  course  should  have.  What  physics 
skills  do  we  want  our  students  to  acquire? 

1.  Quantification  skills.  The  student  should  understand  the  relation  of  numbers 
with  the  real  world  and  with  algebraic  quantities. 

2.  Analytic  skills..  The  student  should  be  able  to  manipulate  algebraic  equations 
and  exuact  physical  content  from  them. 
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3.  Scales  and  estimation.  The  student  should  understand  what  controls  scales  in  a 
problem  and  be  able  to  estimate  answers  to  one  significant  figure. 

4.  Approximation  skills.  The  student  shouSd  understand  when  an  equation  is  being 
treated  approximately  and  the  range  of  validity  of  all  equations  used. 

5.  Numerical  skills.  The  student  should  be  able  to  write  simple  programs  in  order 
to  solve  physics  problems  that  cannot  be  solv  d  analytically. 

6.  Intuition  and  the  approach  to  problems.  The  student  should  develop  an  intuition 
for  when  results  "look  right."  the  ability  to  choose  the  approp-iaic  approach  to  a 
problem,  and  the  ability  to  break  down  a  large  problem  into  component  parts. 

Gordon  Aubrccht,  while  working  with  m.u.rret.  in  1986,  made  a  survey  of 
physics  texts  to  determine  how  well  they  would  meet  our  desires.  He  found  that  95 
percent  of  the  content  of  all  texts  was  universal  and  that  95  percent  of  the  content 
was  pre-1935.  The  cunent  texts  are  enormous,  with  over  1,000  problems;  yet  those 
problems  emphasize  only  a  very  limited  class  of  skills.  Over  9C  percent  relate  to 
analytical  skills,  only  a  small  number  relr'e  to  the  very  important  estimation  skills, 
and  almost  none  expect  students  to  use  numerical  approaches.  Indeed,  it  is  likely 
that  a  student  coMld  study  physics  for  eight  years  without  ever  seeing  a  problem  the 
teacher  couldn't  solve. 

We  must  engage  students  in  the  intellectual  process  of  modem  physics  much 
earlier  in  their  training.  The  microcomputer  can  help  achieve  this  by  permitting 
students  to  approach  a  wider  variety  of  phenomena  and  problems  than  is  possible 
with  only  analytic  tools.  "Canned"  programs  can  also  be  used  to  develop  students' 
physical  intuition  and  ability  to  estimate.  We  sec  great  advantages  in  using  these 
new  approaches  with  physics  majors  as  well  as  students  who  will  never  again  take 
a  physics  course. 

Let  me  address  the  issues  of  the  three  C's  by  first  introducing  what  I  find  to  be 
the  mathematical  hierarchy  of  physics:  algebra,  geometry,  trigonometry,  calculus, 
differential  equations,  linear  algebra,  probability  and  statistics,  and  partial  differen 
tial  equations. 

The  path  through  the  mathematical  hierarchy  is  generally  serial.  Linear  algebra 
and  probability  are  taught  at  various  times  in  the  sequence,  but  the  remainder  are 
taught  in  "lock  step."  Numerical  methods,  if  taught,  generally  come  late  in  the 
sequence. 

Selection  of  topics  and  indeed  the  physics  sequence  itself  are  largely  deter- 
mined by  the  expected  mathematical  level  of  the  student.  At  the  high  school  level, 
students  are  genera*^'  expected  to  know  trigonometry.  In  the  inuoductory  universi- 
ty physics  scquenc  students  are  expected  to  start  with  a  little  knowledge  of  calcu- 
lus and  develop  more  proficiency  as  ihcy  advance  through  the  sequence. 
Differential  equations  are  rarely  introduced  until  the  first  advanced  courses  after 
the  introductory  sequence,  and  partial  differential  equations  arc  not  used  until  some 
junior  and  many  senior  courses.  Topics  from  probability  and  statistics  are  often 
iniroduTcd  in  an  ad  hoc  fashion  when  necessary. 

Teachers  often  equate  students'  mathematical  level  with  their  level  of  concepiu- 
al  development.  Topics  requiring  a  higher  level  of  mathematics  arc  often  viewed  as 
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being  more  "abslracL"  Frequently  topics  arc  dismissed  as  "too  abstract"  when  in 
reality  the  problem  is  not  abstraction,  but  the  mathematical  level.  When  one  hears 
an  argument  that  topics  are  too  abstract,  one  should  be  suspicious  enotigh  to  look 
critically  at  the  argument  to  determine  whether  the  probJem  is  conceptual  or  math- 
ematical. 

We  have  made  a  virue  of  necessity  by  selecting  a  palette  of  topics  that  are 
mathematically  accessible  to  students  and  then  defming  them  to  be  those  topics 
that  are  necessary  to  the  students*  conceptual  development.  Once  again  a  critical 
reexamination    called  for. 

it  is  fair  to  ask  if  the  mathematical  hierarchy  given  above  (which  is  roughly  the 
hierarchy  as  it  existed  at  the  turn  of  the  century)  remains  a  valid  hierarchy  today.  I 
would  say  "No!"  Certainly  physics  students  need  to  know  these  topics,  but  these 
arc  not  the  only,  and  arc  probably  not  the  most  important,  topLs  in  maUicmatics  as 
used  by  research  physicists  tc-uy.  Research  physicists  today  lely  heavily  on 
numerical  a!^d  computational  techniques  for  solving  problems.  In  the  more  tradi- 
tional fields  of  physics,  such  as  condensed  matter,  nuclear  physics,  particle 
physics,  astrophysics,  and  so  on,  both  theorists  and  experimentalists  have  become 
increasingly  dependent  on  computational  methods.  Few  interesting  problems 
remain  that  rely  solely  on  the  old  analytical  techniques.  This  is  not  to  say  that  these 
techniques  are  no  longer  important.  Analytical  techniques  are  often  used  extensive- 
ly to  put  the  problems  in  a  form  that  can  be  solved  computationally,  and  it  surely  is 
an  advantage  for  a  physicist  to  recognize  portions  of  problems  Lhat  can  be  readily 
solved  in  closed  form. 

The  old  mathematics  is  simply  n  >i  introducing  enough.  Even  mathematicians 
recognize  that  there  is  a  problem.  At  \hc  Calculus  for  a  New  Century  conference 
held  at  the  National  Academy  of  Sciences  in  1987,  mathematicians  called  for  a 
reexamination  of  what  was  being  taught  as  calculus.^  Joe  Redish  wrote  the  original 
"think  piece"  for  the  physics  portion  of  \hc  study;  I  chaired  the  physical  sciences 
discussion  group  and  wrote  the  final  report  for  that  group.  Vactc  were  amazing 
parallels  between  the  experiences  of  the  matiiematicians  and  our  experiences  m 
physics.  But  mathematicians  have  been  extraordinarily  effective  in  translating  their 
need  for  curriculum  revision  into  federal  dollars  to  support  the  effort.  We  have  not 
been  so  lucky. 

If  one  begins  by  assuming  that  students  should  learn  somethmg  about  numeri- 
cal and  computational  methods  as  a  prerequisite  or  corcquisite  for  their  physics 
courses  and  examines  which  topics  contribute  mo.st  to  the  logical  and  conceptual 
development  of  physics,  cnc  might  come  up  with  a  very  different  order  for  the 
standard  mathematical  cirmculum.  With  this  new  order,  new  topics  become  acccs- 
siWe,  and  old  topics  can  be  treated  differendy.  Some  abstract  topics  even  become 
concrete!  The  language  of  numerical  methods  is  algebra.  Differential  equations  are 
replaced  by  difference  equations.  Although  computational  physics  has  its  own  set 
of  advanced  mathematical  techniques  that  are  perhaps  even  more  opaque  than 
some  of  the  analytical  techniques,  much  can  be  uone  with  the  Euler  method  or  sim- 
ple higher-order  Runge-Kutta  methods. 

Making  this  assumption  should  lead  one  to  question  convenuonal  wisdom  in 
topic  selection,  concept  development,  and  approach.  Work  in  each  of  these  areas 
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has  been  accomplished  under  a  limiling  sei  of  rules.  Conclusions  reached  may  or 
may  not  N;  valid.  Certainly  wc  should  at  least  rcexannne  ihcm  criiically. 

Co!  icr,  for  example,  the  burgeoning  ccitage  iiidusiry  in  student  misconcep- 
tion^ in  physics.3  This  work  has  helped  us  to  better  understand  concept  develop- 
ment by  students  and  has  led  to  some  tentative  efforts  to  improve  science  learning. 
Much  of  the  attention  iias  been  directed  toward  mechanics.  In  the  past,  quite  a  bit 
of  published  work  dealt  with  the  reconciliation  of  students'  Aristotelian  and  teach- 
ers* Newtonian  worldviews.  Now,  of  course,  we  recognize  the  naivete  of  refaring 
to  the  various  levels  of  concept  development  as  Newtonian  or  Aristotelian.  Some 
early  computer  programs  dealt  with  microworlds  m  which  the  students  might 
explore  thc^ic  views.  One  of  the  most  popular  was  a  race  Uack  on  which  students 
were  to  rrxc  cars  by  giving  each  a  "kick"  or  impulse  at  various  times.  Through 
experimentation  students  wire  to  leam  all  about  inertia  and  Newton's  first  law.  The 
only  problem  was  that  the  \risiOiviian  interpretation  was  better  than  the  friction- 
less  Newtonian  approach!  At  the  very  least,  it  agreed  more  with  the  students'  own 
experiences. 

Most  of  the  literature  cited  above  tends  to  classify  students  along  historical 
lines,  either  consciously  or  unconsciously  equating  historical  development  and 
conceptual  development.  "Ontogeny  recapitulates  phytogeny"  is  alive  and  well  in 
physics.  Classification  of  concepts  into  Aristotelian  or  Newtonian  (or  later  into 
waves  ani  particles)  is  one  of  those  nonproductive  exercises  we  should  avoid. 
These  arc  sinjply  two  different  perspectives  on  the  same  world.  One  is  more  com- 
plete and  consistciik,  but  the  other  is  often  more  useful  to  nonscientisLs  as  a  work- 
ing model! 

If  students  approach  physics  through  analytical  xchniques.  they  are  resU-icicd 
from  cor  ^deration  of  a  consistent  model  of  mechanics.  DissipaUve  forces  and  non- 
linear systems  u'c  simply  beyond  their  mathematical  ability.  The  resulting  fnction- 
less  Newtonian  micro  vorld  is  so  different  from  the  highly  dissipative  world  the 
suidents  inhabit  that  it  is  no  wonder  so  many  studies  have  shown  students  divide 
things  into  "physics"  and  the  "real  worid."  Wc  owe  them  a  more  consistent  picture 
of  physics,  and  it  is  not  that  difficult  to  deliver. 

One  body  of  opinion  holds  that  the  historical  development  of  concepts  is  impor- 
tant to  students'  own  conceptual  'Jevelopment.  While  I'm  willing  to  concede  some 
utility,  I  think  that  an  excessive  emphasis  on  historical  development  can  create 
obstacles  to  better  understanding  of  concepts.  I  would  cite  the  Bohr  mcxJel  a.s  a  per- 
fect example  of  Greshanrs  law  as  applied  to  physics  tcachmg.  "Bad  physics  drives 
out  good  physics!" 

As  I  hinted  ear'«'*r  wavc/parucle  duality  is  another  example  of  a  useless  con- 
suuclion.  We  needlessly  spend  one  or  two  years  developing  students'  concepts  of 
waves  and  particles  as  distinct  entities. 

Contemporary  physics  is  not  quantum  n.^clianics  and  relativity.  It  is  especially 
not  panicle  physics.  Many  groups  are  busily  investigating  which  topics  from  mod- 
em physics  might  be  included  in  an  introductory  course.^  Others  have  become 
incensed  that  such  things  are  even  considered.  Arr  ild  Arons  representeu  this  btter 
group  recently  when  he  delivered  a  stirring  polem*  condemning  ihose  who  would 
presume  to  include  some  topics  from  physics  after  1920.^  Although  his  talk  left  the 
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impression  thai  issues  he  raised  had  not  even  been  considered  Dy  the  modern 
physics  group,  they  had  in  i£  *  been  central  to  our  thinking  throughout  the  process. 
We  still  don*i  Vnow  what  m\\  work  and  what  will  not,  but  wc  remain  persuaded 
that  we  must  investigate  these  questions. 

Incorporation  of  quantum  concepts  would  be  quite  desirable.  Feynman  and 
Pre"  *h  have  made  two  notable  efforts  to  introduce  quantum  physics  at  an  introduc- 
tory level.  More  recently  Eugen  Merzbacher  and  the  group  from  the  Introductory 
University  Physics  Project  have  renewed  attempts  to  do  this.^  The  problem  is  not 
trivial,  and  thus  far  we  have  found  more  problems  than  opportunities! 

One  aspect  of  modem  physics  that  is  almost  totally  missing  at  the  introductory 
level  is  uncertainty  (due  both  to  complexity  and  quantum  limitations).  Teaching 
nonlinear  systems  helps  students  to  understand  why  the  world  is  not  as  relentlessly 
deterministic  as  we  might  expect  from  Newtonian  mechanics.  It*s  certainly  not  the 
entire  story  but  it  is  an  important,  untaught  p)ortion  of  the  picture.  It  has  also  been 
our  experience  that  these  topics  arc  inicrestmg  and  accessible  to  students  at  the 
introductory  level. 

It  is  our  view  that  the  curriculum  change  will  be  evolutionary  rather  than  revu- 
lutionary.  It  is  likely  to  retain  most  of  the  traditional  features  while  adding  some 
items  that  are  on  our  desired-skills  list  but  are  not  curr^tly  found  in  our  courses. 
Among  these  arc  a  stronger  emphasis  on  units.  d.mcnsional  analysis,  and  scales; 
use  of  numerical  techniques  for  problem  solving;  use  o!  programming  as  an  mte- 
gral  part  of  learning  physics  (per!  aps  m  a  way  analogous  tc  the  use  of  calculus); 
and  the  introduction  of  problems  with  more  complexity  than  is  found  in  nio.st  illus- 
trative  problems  in  present  texts. 

This  problem  of  complexity  versus  simplicity  is  one  of  the  most  important  and 
most  controversial  issues  facing  tho':^  of  us  in  this  field.  Most  physicists  would 
agree  that  ti.  ability  to  fsnd  a  simple  model  in  a  complex  situation  is  one  of  the 
greatest  strengths  of  physics.  T^cre  .  no  question  that  students  should  be 
taught  to  develop  a  simple  mode'  and  ^olve  it  using  traditional  analytical  tech- 
niques. The  question  is  whether  it  is  beucr  to  present  the  simplified  model  first  and 
then  add  the  coinplicaung  factors  yt^irs  later,  or  to  present  a  problem  with  all  of  its 
real-world  complexity,  solve  it,  and  then  boil  ii  down  to  the  traditional  simple 
model. 

Prior  to  the  use  of  computers  in  tcachmg.  the  first  option  was  the  only  opt^^^n. 
Students  could  not  be  expected  to  have  the  mathematical  .skilLs  needed  to  solve  the 
complex  problen)s.  By  nec:cs.sity,  students  were  restricted  to  the  .simple  models.  But 
using  numerical  methods  to  solve  complex  problems  (for  exaniple  by  the  simple 
Euler  method)  is  in  a  fundamental  way  easier  thai,  the  traditional  analyucal  calcu- 
lus approaches. 

Consider  the  case  of  the  simple  pendulum.  The  usual  classroom  approach  is  to 
write  down  Newton's  second  law  for  a  pendulum,  make  the  approximation  of 
small  angles,  and  then  solve  the  resulting  differential  equation  for  the  simple  har- 
monic oscillator.  But  what  happens  at  large  angles?  What  happens  when  a  daniping 
force  is  present?  Or  what  happens  if  a  driving  force  is  added?  The  teacher  is  forced 
to  evade  such  questions  because  the  students  do  not  have  the  neces.sary  mathcmati- 
O   cal  background  to  considei  such  complex  problem.s.  Further  con^KlcraU()n  must  be 
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delayed  for  several  years  ^  mil  the  studwils'  malhematicai  skills  develc^.  Actually, 
even  the  differential  equation  for  simple  harmonic  motion  t:  xes  most  students  lo 
the  limits  of  their  development 

Consider  the  alternative  of  developing  the  phenomenon  through  numerical 
methods.  In  that  case,  a  simple  program  (using  the  Eulcr  method)  solves  it. 

For  i  =  1  to  NumData  do  BEGIN 

alpha  =  -omega  *  omega  *  sin(theta); 

omega  =  omega  +  alpha  *  dt; 

theta  =  theta  +  omega  *  dt; 

t  =  t  +  dt; 
END; 

PlotData  (theta,  t,  NumData) 

The  small-angle  approximation  can  be  demonsu<itcd  simply  by  replacing  the 
Hrsi  line  by 

alpha  =  -omega  *  omega  *  theta 

and  the  results  compared.  The  case  of  driving  forces  and  damping  iorccs  is  also 
easily  done  by  adding  the  appropriate  terms  lo  the  first  line.  The  introductory 
physics  student  is  able  to  consider  the  phenomenon  in  all  aspects  while  uiing 
mathematical  tools  at  a  level  well  below  that  of  the  traditional  approach.  This 
"siep-by-siep  in  lime"  approach  is  also  a  much  more  concrete — even  transpar- 
ent—approach to  this  problem.  It  is  far  less  abstract  than  the  traditional  small- 
angle  differential  equation  analysis. 

This  example  reopens  the  important  and  controversial  issue  of  whether  students 
should  be  presented  with  problems  with  real-world  complexity  or  whether  siuacnts 
should  consider  first,  only  simplified  cases.  It  is  my  opinion,  based  on  my  experi- 
ence teaching  physics  for  22  years  and  Joing  computer-related  teaching  for  12 
years,  that  it  is  much  bcuer  to  deal  first  with  the  realistic  problem  and  then  boil  the 
problem  down  to  the  simple  but  powerful  model  that  illustrates  the  essential  fea- 
tures of  the  phenomenon.  This  is  the  way  physicists  actually  solve  problems,  so 
why  not  introduce  students  to  this  right  away?  Why  do  we  have  lo  give  ihe  stu- 
dents the  impression  that  all  problems  in  physics  come  already  stripped  of  interest- 
ing detail? 

It  has  also  been  my  experience  that  the  traditional  approach  has  ihe  damaging 
effect  of  convincing  the  student  that  real-world  problems,  with  all  their  complexity, 
are  fundamentally  different  from  "physics  class"  simplified  problems.  For  pfiysics 
majors  this  results  in  a  large  discontinuiry  in  approach  lo  problems— usually  some- 
where in  the  junior  year. 

Consideration  of  realistic  problems  has  another  advantage  thai  is  shown  at  once 
by  the  pendulum  oblem.  Students  are  able  lo  ey^^ore  some  new  phenomena  not 
previously  accessible  at  the  inu-oductory  level,  in  this  case  resonance  and  chaotic 
motion.  Students  quickly  discover  the  phenomenon  of  resonance  as  they  adjust  the 
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frequency  of  the  driving  force  and  observe  the  response  of  the  system.  The 
approach  to  chaotic  motion  is  somewhat  more  subtle.  As  the  amplitude  of  the  driv- 
ing term  is  increased,  the  pendulum  may  swing  "ever  the  top"  and  enter  a  new 
region  of  oscillation.  It  is  instructive  to  introduce  the  student  to  a  phase-plane 
analysis  of  the  motions.  Again  this  is  far  more  concrete  than  abstract  to  the  student, 
ough  it  may  seem  (at  first)  much  more  abstract  to  professors  who  arc  not  well 
PiCpared  on  these  topics.  The  actual  path  of  the  pendulum  is  so  critically  dependent 
on  the  initial  condinons  that  it  is  diiTicult  to  predict  This  becomes  an  example  of 
deterministic  chaos. 

The  previous  example  is  but  one  of  :nany  used  in  the  m.u.p.p.h.t.  We  have  used 
these  examples  both  in  classes  and  in  laboratories  taught  by  at  least  five  different 
professors.  One  of  the  largest  challenges  facing  our  group  was  the  need  to  select 
"language"  for  considering  such  problems.  We  considered  many,  inc'uding  BASIC, 
Pascal,  FORTRAN,  C.  APL,  FORTH,  and  Lotus  /-2-J,  among  others.  We  eventu- 
ally settled  on  two  possibilities,  c^ich  of  which  has  its  advantages  and  disadvan- 
tages, lis  boosters  and  detractors.  The  two  were  Turbo  Pascal  and  Lotus  I '2-3. 

We  selected  Lotus  /-2-J  because  it  is  so  widely  used  in  business.  Use  of  a 
spreadsheet  is  therefore  a  skill  that  would  be  valuable  in  a  variety  of  professions. 
The  spreadsheet  also  provides  a  set  of  very  well-tested  and  easy-to-use  tools  for 
data  entry,  data  manipulations,  programming,  and  graphics  output.  Spreadsheets 
are  particularly  well  suited  for  use  of  the  discrete  mathematics  found  in  the  previ- 
ous example. 

Although  sophisticated  spreadsheet  programs  are  in  wide  use,  the  most  popular 
versions  are  still  expensive  and  do  require  students  to  learn  ;inoiher  "language." 
Recently  a  number  of  inexpensive  spreadsheets  have  become  widely  available.  For 
example,  Quattro  is  available  for  cducauonal  uses  at  about  >10,  and  Quattro  is  a 
significantly  better  spreadsheet  than  Lotus  1-2-3.  However,  because  the  spread- 
sheet language  docs  not  contribute  to  the  further  development  of  computing  skills 
%  physicists,  many  of  our  project  group  feel  that  spread.shccLs  are  best  suited  to 
working  withnonmajors. 

Turbo  Pascal  provides  m  attractive  alternative  for  physics  majors.  It  is  widely 
used,  inexpensive,  and  quite  powerful.  Programming  in  Pascal  encourages  good 
programming  and  problem-solving  habits.  In  fact,  a  Pascal  program  mimics  the 
solution  to  simple  physics  problems.  Students  are  forced  to  identify  the  variables 
and  constants  in  a  program  and  discover  which  are  to  be  given  and  which  to  be 
found.  Students  are  forced  to  think  about  data  structures  and  how  to  prcKCss  these 
structures.  We  were  struck  by  the  similarities  between  the  techniques  u.scd  in 
Pascal  programming  and  the  hierarchical  thinking  advocaial  by  Rcif  an^l  others 
who  have  studied  formal  problem-solving  skills.^ 

It  is  also  u  advantage  that  many  schools  and  universities,  as  well  as  the 
Educational  Testing  Service,  have  adopted  Pascal  as  the  introductory  computer  lan- 
guage. We  expect  the  student  to  know  Pascal  prior  to  taking  the  physics  class  or  to 
learn  it  concurrently  ^vith  the  class.  We  have  developed  a  student  tutorial  for  use  by 
the  roughly  50  percent  of  our  students  who  have  not  been  exposed  previously.  We 
also  present  physics  applications  concurrently  with  Pascal  programming.  As  the 
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semester  goes  on,  both  applications  become  more  sophisticated.  Our  approach  to 
programming  is  not  unlike  the  traditional  approach  '  :alculus  and  physics.  We  are 
not  the  only  ones  to  reach  these  conclusions.  Richard  Crandcll  at  Reed  College  in 
Oreg^  m  has  published  two  excellent  books  based  upon  the  use  of  Pascal  at  Reed.^ 

At  the  beginning  of  the  semester,  students  are  presented  with  rudimentary  pro- 
grams and  asked  to  run  them  and  make  modifications.  By  the  end  of  the  semester, 
they  are  developing  their  own  programs.  In  most  classes  students  work  on  an  indi- 
vidual project  for  completion  by  the  end  of  the  semester.  Some  of  the  students 
work  out  particularly  elegant  projects.  These  include  waves  on  a  hanging  rope,  the 
invctcd  pendulum,  colliding  galaxies,  and  sophisticated  orbit  programs  using 
fourth-order  numerical  methods.  Essentially,  80  percent  of  our  classes  perform 
adequately  in  the  computer  area  by  the  end  of  the  semester.  For  the  top  10  to  20 
percent  of  our  students,  we  find  that  the  use  of  computational  techniques  opens 
new  vistas  into  exciting  and  challenging  problems. 

Although  we  have  been  concentrating  on  languages  as  tools  for  learning 
physics,  we  must  also  recognize  that  other  tool,  will  also  become  important.  One 
of  the  most  important  of  these  tools  is  the  simple  data-acquisition  device.  John 
Layman  of  the  University  of  Maryland,  Bob  Tinker  of  terc,  and  Ron  Thornton  of 
Tufts  University  have  pioneered  using  the  computer  as  a  data-acquisition  device, 
including  using  an  uluasonic  uansducer  with  this  interface  to  measure  position, 
velocity,  and  acceleration  of  objects — including  students!  The  group  at  the 
University  of  Munich  has  developed  a  simple  interface  that  allows  one  to  use  a 
television  camera  to  locate  a  single  while  object  against  a  Mack  background.  Thus, 
more  complicated  two-dimensional  motions  may  he  registered  digitally. 

Computer>>  can  also  play  a  role  in  preparing  students  for  the  laboratory,  espe- 
cially for  laboratories  that  are  more  advanced  an('  more  complex.  Just  as  pilots  are 
expected  to  put  in  some  time  on  a  simulator  before  taking  the  controls  of  a  com- 
plex aircraft,  ph>sics  studu^ts  should  be  expected  to  put  in  some  lime  becoming 
proficient  in  conducting  themselves  in  the  laboratory  prior  to  inflicting  themselves 
on  laboratory  assisUmts.  Prelab  lectures  and  readmg  assignments  are  notoriously 
ineffective,  but  there  is  evidence  that  use  of  the  computer  prior  to  the  laboratory 
experience  yields  better  results.^ 

In  order  for  students  to  be  able  to  use  the  computer  with  a  minimum  amount  of 
effort  devoted  to  mput  and  graphic  output,  we  have  developed  a  set  of  Pascal  tools 
ihvi  can  be  used  to  get  data  into  the  computer  and  to  present  data  graphically.  The 
data-input  tools  allow  the  student  to  design  a  *Torm"  to  be  displayed  on  a  screen 
and  to  display  and  edit  that  screen  as  a  part  of  a  program.  This  provides  a  profes- 
sional **fuU-screen"  entry  method  that  we  feel  is  far  superior  to  the  traditional 
"line-at-a-time"  approach,  ii  is  very  important  for  students  to  see  all  of  the  input 
data  and  questions  at  once  <^nherwise  it  is  like  a  card  game  in  which  one  card  at  a 
time  is  revealed.  It  is  difficult  to  make  consistent  and  reasonable  responses  under 
the?^'*  circumstances.  We  are  also  able  n  pmvide  default  responses  on  these  **scrcen 
forms."  This  helps  get  students  started  with  interesting  and  realistic  situauons. 

The  graphic  tools  are  equally  important.  I  have  developed  tools  that  allow  stu- 
dents to  plot  data  simply  by  saying  **plotData    (y,    x,   NumData)  ;".  This 
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means  "plot}?  versus for  NumData  points."  Scaling,  clipping,  and  adjustment  to 
screen  coordinates  is  done  automaticaJV-  Students  do  not  need  to  know  anything 
about  gr^hics  drivers,  CGA,  EGA,  VGA,  Hercules,  or  even  pixels.  Availability  of 
these  tools  has  reduced  the  programming  and  computer-related  overhead  enough  to 
make  m,uj»,p.ex  possible.  On  thf  other  hand,  the  more  sophisticated  student  has 
control  of  the  graphic  environment  with  conrinands  such  as  Scale  (sets  scale  manu- 
ally), ViewPort  (selects  a  window  on  the  screen).  Axis  (adds  an  axis  system  to  a 
viewport),  and  various  color  modes,  line  types,  and  label  positions.  Each  package 
also  allows  the  student  to  include  bar  or  pop-up  mem's  in  each  application. 

The  Maryland  University  group  has  also  develo,)ed  a  number  of  special-pur- 
-  :se  programs  including  a  sophisticated  orbit  program  that  can  handle  five  masses, 
a  ihermodynamics/kinetic  theory  program,  several  nonlinear  dynamics  programs 
including  a  sophisticated  "Mapping  Machine,"  fractals,  and  many  others.  We  have 
also  developed  the  curriculum  materials  to  be  used  with  ih^  e  programs.  We  recog- 
nize that  these  special  programs  have  an  important  place  in  intuition  building  and 
in  exploration  of  "microworlds." 

I  have  not  commented  much  on  the  tutorial  materials  that  are  becoming  more 
widely  available.  PLATO  was  one  of  the  first,  and  very  elaborate,  teaching  sys- 
tems, and  Alfred  Bork  at  the  University  of  California-Irvine  has  been  a  pioneer  in 
this  area.  Our  group  docs  not  'lavc  a  strong  interest  in  using  these  materials  with 
our  students.  We  are  more  mterested  in  having  students  use  computers  as  tools 
rather  than  in  having  computers  program  students.  We  have  been  essentially  unim- 
pressed by  past  efforts  to  develop  tutorial  materials,  but  perhaps  the  authoring  and 
artificial-iiitelligence  techniques  being  developed  at  places  like  Carnegie  Mellon 
will  change  our  minds. 

Using  the  computer  as  a  tool  allows  our  students  to  explore  physics  more 
deeply  and  allows  us  to  present  current,  previously  inaccessible  applications  of 
physics.  Although  we  have  had  much  success  with  classes  at  Maryland,  we  have 
not  yet  tried  to  integrate  this  in  all  introductory  classes  with  a  variety  of  faculty. 
There  are  some  exciting  opportunities,  but  we  still  have  much  to  learn. 
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Coirputcrs  can  play  a  vital  role  in  helping  undergraduate  students  g'^  kills  that 
are  general  as  well  as  topical.  If  faculty  turn  tasks  that  arc  repctiuous  counter- 
produciive  (such  as  lecturing)  over  to  materials  and  computer  programs,  they  will 
be  freed  to  provide  an  appropriate  environment  and  to  work  on  skills  with  students. 
Faculty  members  might  spend  pan  of  this  freed-up  time  improvmg  a  system  of 
nationally  shared  teaching  materials,  but  most  of  their  ume  woulo  be  devoted  to 
coaching  groups  of  students  in  order  to  ensure  learning,  improve  the  academic 
environment  seen  by  students,  and  give  the  students  a  sense  of  style  in  th^  Hisci- 
plines  they  are  studying. 

Computers  might  be  used:  (1)  as  the  medium  in  which  a  national  community  of 
college  faculty  continually  generates,  shares,  and  updates  a  coherent  system  of 
hypermedia  lessons  that  provide  the  primary  presentation  of  information;  (2)  as  the 
medium  in  which  the  information  is  eventually  delivered  to  each  student;  (3)  as  the 
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medium  that  guides  the  student  along  planned  and  unplanned  paths  through  the 
system  of  lessons;  (4)  as  the  medium  that  gives  each  student  and  fac  ilty  advisor 
continual  feedback  on  the  student's  progress  toward  acquiring  agreed-upon  person- 
al and  professional  skills. 

These  ideas  came  out  of  a  project  I  have  been  working  on  for  some  14  years. 
During  the  first  seven  years  of  that  period  the  project  was  supported  by  the  Alfred 
P.  Sloan  Foundation  ar  '  the  National  Sciencv^  Foundation.  During  the  past  seven 
years  it  has  continued  to  evolve  with  university  support. 

The  original  idea  of  the  project  was  to  work  toward  some  long-standing  educa- 
*ional  goals  that  had  been  given  a  new  urgency  by  new  demands  on  this  country's 
industries  and  government.  It  was  obvious  that  faculty  could  not  turn  their  atten- 
tion to  new  goals  while  saddled  with  current  instructional  tasks.  Fourteen  years  ago 
the  possibility  of  success  in  freeing  the  faculty  from  their  instructional  burden 
seemed  promising  because  of  developments  that  were  even  then  appearing  in  the 
area  of  personal  computers. 

We  decided  to  start  out  on  this  project  even  before  personal  computer  technolo 
gy  had  matured,  because  wo  observed  that  the  development  of  high-class  software 
additionally  lags  far  behind  hardware,  and  that  effective  coursew^^'-e  is  particularly 
difficult  to  generate.  We  in  the  education  business  seem  to  need  a  long  "lead  time." 

In  the  rest  of  this  talk  I  vmII  discuss  some  highlights  of  the  public  discussion  on 
goals  in  higher  education;  the  changes  educators  must  make  so  we  can  work 
toward  these  goals;  an  r  icction  and  a  response;  the  idea  of  hypermedia  as  a  criti- 
cal element  in  workin^  ward  the  goals;  progress  in  learning  how  to  use  hyperme- 
dia lessons;  how  it  feels  to  be  a  college  teacher  whose  students  are  in  a  hypermedia 
environment. 

Bg.  8r:  Short-Changed  Goals 

For  a  good  summary  of  goals  currenti>  perceived  as  Ix^ing  slighted  by  higher  edu- 
cation, sec  College,,  The  Undergraduate  Experience  in  America,  by  Ernest  Boyer 
of  the  Carnegie  Corporation.  I  am  sure  that  seme  of  you  have  read  this  very  influ- 
ential book. 

To  gather  data  for  the  book,  the  Carnegie  staff  interviewed  faculty,  administra- 
tors, and  students  on  many  campuses.  The  staff  noted  the  way  the  processes  of  col- 
lege education  are  currently  perceived  by  the  three  groups,  along  with  the 
problems  those  groups  see.  Boyer's  book  pulls  all  these  perceptions  together  His 
conclusions  echo  those  of  previous  studies:  he  finds  that  major  educational  goals 
are  being  gross^  *hted  ;n  the  classr(X)m  and  curricula,  to  tlic  deu-iment  of  col- 
lege students  an-u  cty. 

Boyer  identifies  some  80  goals  that  he  fcols  we  should  sum  working  toward  to 
erase  instructional  deficiencies.  An  important  benefit  of  his  book  is  that  it  collects 
virtually  all  known  goals  in  one  place.  It  does  not,  however,  have  much  to  say 
about  what  paths  might  reasonably  move  us  toward  thjse  goals.  The  book  tells  us 
whei"e  we  should  go,  but  it  does  not  tell  us  much  about  how  to  get  there. 
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Active  Learning 

One  of  Boyer's  goals,  very  rjlevant  to  this  conference,  is  that  students  should 
become  active  learners  and  not  jast  sit  passively  in  lectures.  Students  who  become 
habitually  active  learners  will  continue  to  leam  when  they  get  out  of  college  and 
are  no  longer  silting  in  lectures 

Encouraging  Creativity 

Another  goal  is  to  {osier  student  creativity.  Unfortunately,  no  one  has  figured 
out  how  to  measure  creativity,  except  ex  post  facto.  Studies  in  this  area  are  usually 
made  by  interviewing  ci^^tive  professionals,  asking  them  to  remember  whetlier 
they  felt  challenged  to  show  creativity  while  taking  undergraduate  college  courses. 
The  response  is  that  college  courses  emphasize  figuring  out  what  the  professor  is 
going  to  put  on  the  next  exam,  and  figuring  out  which  of  the  presented  stuff  the 
profef  or  really  cares  about.  This  is  not  the  kind  of  mind-set  people  want  when  they 
look  for  creative  people. 

A  Rational  Environment 

Boyer  also  notes  that  students  perform  better  when  they  feel  that  they  arc  oper- 
ating in  a  rational  system.  To  create  a  whole  environment  of  rationality,  we  need  to 
give  students  course  rules  and  grading  schemes  that  arc  obviously  based  on  ratio- 
nality and  obviously  not  based  on  a  professor's  whims.  Such  course  rules  and  their 
rational  bases  should  be  published.  Academics  should  have  no  trouble  with  the 
concept  of  publication  because  of  their  long-standing  tradition  of  "publish  or  per- 
ish." We  have  found  that  only  by  publication  can  any  other  interested  person  cri- 
tique something,  build  on  it,  challenge  it,  and  help  it  evolve. 

Internalizing  of  Bas'C  Concepts 

Another  goal  is  to  get  students  to  internalize  the  concepts  they  learn  in  the 
classroom,  to  adopt  those  concepts  as  parts  of  their  own  ways  of  thinking.  This 
contrasts  to  students'  associating  those  new  concepts  only  with  the  classroom  and 
exams  and  ignoring  them  outside  the  classroom  and  after  finishing  the  course.  In 
physics,  this  point  is  brought  home  to  us  in  the  research  recently  published  in  the 
American  Journal  of  Physics  by  David  Hestcnes's.  Hestcnes  asks  what  style  of  lec- 
turing best  gets  students  in  calculus-based  and  algebra-based  sophomore  physics 
courses  to  internalize  the  most  basic  concepts  taught  in  those  courses.  Is  the  most 
eflccrive  style  the  presentation  of  striking  demonstrations?  Is  it  theoretical  deriva- 
tions? Is  it  going  over  homework-problem  solutions  during  the  lecture?  Is  it 
explaining  the  textbook  paragraph  by  paragraph?  Is  it  a  judicious  mix  of  the  above, 
created  and  delivered  by  an  award-winning  lecturer? 

Which  method  causes  students  to  internalize  basi^  concepts?  None  of  the 
above!  Students  who  have  just  taken  standard  lecture  courses  can  work  complex 
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problems  on  exams,  but  they  have  not  incorporated  the  concepts  into  their  own 
ways  of  thinking.  They  seemed  to  treat  physics  as  something  that  impinges  on  their 
lives  only  in  the  classroom.  Hestenes*  study  also  shows  that  students  who  have 
taken  physics  in  high  school  or  previously  in  college  do  no  better  in  internalizing 
basic  concepts  than  do  first  timers. 

Industrial  Research:  Graduates  Need  More 
Skills 

Several  years  ago  the  magazine  Industrial  Research  polled  its  readers  on  this  ques- 
tion: "How  are  the  colleges  doing  in  producing  the  people  you  need?"  Tom 
Hudson,  whom  many  of  you  know,  ran  the  poll  for  the  magazine.  The  results  came 
out  imder  the  headline,  "Colleges  Gel  Low  Gradf  "  The  readers  of  Industrial 
Research  felt  that  we  are  not  producing  graduates  \  .0  have  the  range  of  skills  that 
industry  needs. 

If  indusliy  people  claim  that  our  graduates  are  not  well  prepared,  we  might 
wonder  whether  grades  can  predict  our  students'  futures.  Do  grades  give  students, 
faculty,  and  prospective  employers  a  measure  of  the  likely  success  of  a  student  in  a 
particular  professional  field?  Research  in  this  area  typically  attempts  to  determine 
whether  there  is  a  correlaiiop  between  grades  received  in  college  and  measures  of 
eventual  personal  and  professional  success.  Personal  success  is  rated  by  querying 
the  subjects,  who  are  working  professionals.  Professional  success  is  rated  by 
querying  the  subjects*  bosses  and  colleagues.  The  researchers  find  that  in  virtually 
all  fields  there  is  zero  correlation  between  college  grades  and  postcollege  success 
scores.  Although  grades  do  seem  to  predict  future  grades  rather  well,  they  do  not 
appear  to  predict  much  else. 


The  Skills  Needed  by  Industry 

If  grades  are  not  good  predictors  of  success,  is  there  a  set  of  skills  we  can  mea- 
sure that  would  correlate  well?  We  asked  that  question  at  two  conferences  we  held 
with  people  from  industry  who  were  supervisors  of  college  graduates  who,  when 
undergraduates,  were  typical  of  smdents  in  our  sophomore  physics  courses.  The 
supervisors  who  came  to  our  conference  were  from  both  large  and  small  compa- 
nies. 

At  our  conference  we  asked  the  supervisors  what  kinds  of  skills  we  can  develop 
and  measure  in  our  students  that  will  correlate  well  with  later  professional  success. 
The  supervisors  agreed  that  students  need  to  be  able  to  talk  about  their  subject.  The 
supervisors  said  they  couldn't  tell  if  the  cat  got  the  graduates'  tongues  or  if  the 
graduates  didn't  know  their  subject,  but  the  result  was  the  same. 

The  supervisors  also  said  that  loo  ma»*y  graduates  appeared  to  think,  with  great 
relief,  that  learning  is  over  at  graduation.  The  president  of  a  small  high-lech  com- 
pany said,  "All  of  my  engine<3rs  are  over  the  hill;  they're  all  over  30  and  I  haven't 
been  able  to  get  them  to  use  new  software  to  keep  us  competitive.  We  have  compc- 
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lilion  from  all  over  ihc  world.  We'll  have  to  keep  ahead  of  the  game  or  we'll  go 
under.  We  need  people  who  are  active  learners." 

The  supervises  said  ihey  need  people  who  will  keep  learning,  looking  ahead, 
reading,  talking,  figuring  out  where  their  company  should  go.  They  then  need  to  be 
able  to  persuade  their  bosses,  by  means  of  a  good  presentation,  when  the  company 
needs  to  switch  course  in  order  to  survive.  They  must  also  malie  the  presentation  to 
higher  executives.  This  calls  for  sophisticated  communication  skills. 

Professionai  Learr'ng  Skills 

If  students  are  to  be  willing  and  able  to  learn  from  professional  materials  after 
(hey  graduate,  we  must  get  them  to  use  professional  learning  skills,  and  to  use 
them  habitually. 

By  professional  learning  skills  we  mean,  first,  that  students  should  start  into 
material  by  reading  the  table  of  contents  and  then  the  overview,  making  mental 
hypotheses  about  the  material's  contents  and  conclusions.  Then,  every  few  minutes 
while  learning,  the  students  should  stop  to  reflect,  review,  and  critique.  This  should 
certainly  be  done  at  the  end  of  each  paragraph-length  piece  of  material. 

Students  should  continually  think  carefully  about  what  they've  just  learned  and 
make  connections  with  thc'r  own  past  experiences.  They  should  check  on  wheiher 
what  ihey  have  just  leamc^l  seems  reasonable.  They  should  make  approxnnations 
to  equations  and  check  limiting  cases,  such  as  zero  friction  and  mfinite  friction,  for 
reasonableness  and  for  insight.  They  should  try  applying  what  they  have  just 
learned  to  other  examples.  Only  when  ibcy  arc  satisfied  should  they  go  on  to  the 
next  paragraph  of  material.  Professors  lakc  such  professional  learning  skills  for 
granted,  but  students  need  to  acquire  them  systematically. 

The  Lecture 

Wouldn't  it  be  great  if  a  student  could  practice  professional  leammg  skills  in  live 
lectures?  Suppose  a  lecture  starts,  a  couple  of  minutes  go  by,  and  ttie  presentation 
of  a  concept  ("paragraph")  finishes.  The  student  presses  a  button  and  everything  is 
suspended,  right  in  midair.  The  student  now  carries  out  the  appropriate  profession 
al  learning  activity.  When  satisfied,  the  student  pushes  the  "go''  button  and  the  live 
lecture  resumes  right  from  where  it  left  off.  By  connecting  the  material  being 
learned  to  material  learned  previously,  the  student  would  stand  a  better  chance  of 
internalizing  the  concepts  just  learned. 

Most  lecturers  feel  compelled  to  present  all  details  of  an  explanation  so  that  ali 
students  can  /ollow  the  line  of  argument.  But  students  benefit  by  filling  in  details 
or  completing  an  argument  on  their  own  if  they  can.  They  need  to  reU"ieve  as  much 
as  they  can  from  their  own  brains  because  such  reU"ieval  from  memory  sU'engthens 
th  rcuieval  path  in  the  brain  and  hence  increases  the  ease  of  future  retrieval.  This 
retrieval  capability  varies  from  student  to  student  on  any  particular  topic,  and  the 
time  needed  to  perform  it  also  varies,  so  this  very  desirable  goal  is  not  easily  real- 
ized in  live  lectures.  Another  failing  of  lectures  is  that  they  provide  little  opportuni- 
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ly  to  build  on  individual  students'  hobbies,  sports,  and  intellectual  interests  so  as  to 
engage  their  minds  and  eliminate  the  "restricted  to  the  classroom'*  syndrome. 

Different  students  have  different  preferred  learning  styles,  and  these  are  not 
accommodated  well  by  lectures.  For  example,  some  students  seem  to  do  better 
entering  a  topic  with  theoretical  deductions,  and  others  seem  to  do  better  starting 
with  phenomenology  or  wilii  a  "simple  to  complex"  approach.  Some  students  pre- 
fer to  go  through  many  topics  on  a  somewhat  superficial  level,  then  go  back  and 
recycle  through  on  a  deeper  level;  others  prefer  to  go  into  one  topic  deeply  before 
going  on  to  the  next  Finally,  some  students  like  to  be  studying  lessons  that  are  far 
ahead  of  the  lessons  on  which  th  '  are  being  tested;  others  prefc**  to  be  tested  on 
each  lesson  or  group  of  lessons  as  soon  as  they  finish  it. 

Then  too,  physics  lecturers  seldom  take  the  time  to  be  good  orators.  All  learners 
do  better  when  a  topic  is  started  with  a  well-constructed  overview.  Professional 
writers  and  orators  concentrate  hard  on  section  overviews  for  groups  of  paragraphs 
and  on  '^pic  sentences,  which  perform  the  overview  function  for  individual  para- 
graphs. A'hey  have  learned  that  this  is  necessary  for  success.  Physics  lecturers, 
however,  just  don't  lake  the  time.  The  result  is  that  students  do  not  figure  ou;  a 
^ood  way  to  organi/e  the  material  m  their  heads  and  consequently  cannot  retrieve 
it. 


Summary  of  Goals 

Let  me  summarize.  We  want  students  to  gain  professional  learning  skills  and  to  use 
them  habitua'*  .  We  want  them  to  internalize  the  basic  concepts  being  taught,  to 
relate  those  concepts  to  their  experiences,  to  other  courses,  to  their  thoughts,  and  U) 
their  conversations.  We  want  them  to  talk  about  their  disciplines  fiuently,  perhaps 
even  become  experts  in  multimedia  presentations.  We  want  them  to  Icam  in  the 
manner  that  is  most  efficient  for  them  as  individual  learners.  We  want  them  to 
believe  mat  all  of  the  skills  they  are  acquiring,  day  by  day,  are  part  of  a  rauonal 
scheme  [  ;ading  toward  their  own  life  goals,  so  they  no  longer  view  physics  courses 
as  just  hurdles  to  get  past  or  cheat  in,  and  so  there  is  a  sciiinless  transfer  to  the  new 
requirements  for  success  in  the  collegiate  '*afteriiic." 


Conclusion:  Give  Up  the  Lecture 

How  can  we  find  time  to  work  on  all  these  new  goals?  The  answer:  Give  up  lectur- 
ing and  use  community-shared  presentations  produced  in  hypermedia.  Just  as  in  an 
earlier,  time  faculty  had  to  get  used  to  the  idea  of  community-shared  textbooks,  so 
now  we  need  to  go  the  next  step  and  produce  community-shiired  hypermedia  that 
can  take  over  from  lecturing.  Sure,  each  of  us  gives  unique  lectures,  but  that  is  of 
interest  only  to  us,  not  to  our  students.  If  we  want  the  faculty  to  start  doing  what 
only  people  can  do,  and  letting  media  do  what  they  can  do,  tlicn  there \s  no  choice. 
We  must  give  up  the  lecture  and  spend  the  saved  time  on  other  more  important, 
uniquely  human  activities  with  our  students. 
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An  Objection  and  a  Response 

People  say  to  me,  **I  think  physics  instruction  is  pretty  good.  I  just  don't  sec  any 
big  problem  to  be  worrying  about—after  all.  I  turned  out  pretty  good.  You  can't 
tell  me  that  I  got  a  rotten  education.  On  top  of  that,  if  you  change  things  you  might 
lose  bOfiiething  precious  that  you  won't  know  about  until  it  is  loo  late." 

One  way  to  examine  the  introduction  of  new  technology  to  the  classroom  is  to 
look  at  a  past  introduction,  the  fast  total  replacement  of  the  slide  rule  by  the  calcu- 
lator in  college  science  and  engineering  courses.  Letting  today's  students  use  cal- 
culators does  not  mean  that  previous  generations  who  used  slide  rules  received  a 
rotten  education;  it  just  means  that  today's  students  (and  faculty)  can  use  the  tech- 
nological advances  available  to  them.  No  one  worries  that  today's  faculty  will  be 
held  responsible  for  some  coming  disaster  owing  to  the  abandonment  of  slide 
rules.  Similarly,  no  one  need  worry  about  changing  the  medium  of  the  primary  pre- 
sentation of  information  to  the  one  that  is  used  throughout  the  professional  world, 
providing  the  faculty  spend  their  teaching  time  with  students,  keeping  them  on 
U^k  in  their  education. 


Producing  th^-  Lessons:  General  Guidelines 

Media  lessons  that  replace  lectures  have  to  include  all  of  the  mformauon  normally 
presented  in  lectures  and  in  routine  "office  hours"  assistance  to  students.  This 
material  needs  to  be  organized  in  line  with  researched  results  on  how  people  in  tar- 
geted groups  learn  best.  This  greatly  increases  the  efficiency  of  learning  for  stu- 
dents. We  have  produced  an  author's  guide  that  contains  this  material. 

An  Eventual  Dynabook 

The  hypermedia  presentations  are  (eventually)  to  be  made  into  a  Dynabook  ver- 
sion of  knowledge.  The  Dynabook  will  store  knowledge  in  a  book-sized  computer 
where  the  reader  can  easily  construct  any  desired  path  through  relrued  material. 
Fourteen  years  ago,  when  we  started,  the  Dynabook  concept  was  little  more  than  a 
dream,  out  wc  found  that  a  lot  its  features  could  be  implemented  on  paper.  The 
recent  development  of  HyperCard  and  related  products  is  a  big  step  toward  realiz- 
ing the  ultimate  delivery  device. 

We  have  been  developing  our  material  on  word  processors  and  then  distributing 
inexpensive  print  versions  to  our  students.  These  print  versions  retain  the  discrete- 
ness and  user-option  branchings  of  the  original  model.  We  have  learned  a  lot  about 
wnat  can  happen  in  an  instructional  system  based  on  such  materials. 

The  breakthrough  that  allowed  us  to  start  replacing  lectures  witl.  .,uch  materials 
was  the  idea  of  hypermedia.  This  idea  developed  about  15  years  ago  and  that's 
why  our  project  started  then.  However,  the  idea  of  replacing  lectures  witii  hyper- 
media presentations  is  beginning  to  be  considered  rational  only  now.  The  situation 
closely  parallels  early  faculty  hostility  to  textbooks,  a  hostility  that  gradually  sub- 
sided. 
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Hypermedia:  A  Crucial  Idea 

The  basic  idea  of  hypermedia  is  nonlincariiy.  **Nonlincariiy"  means  ihai  ihc  pre- 
scniation  has  many  branches,  many  options,  all  at  the  discretion  of  the  user.  The 
user  can  take  any  branch  at  any  time  and  can  stop  the  presentation  at  any  tine. 

To  further  define  the  concept  of  hypermedia,  I  will  list  some  types  of  ;^rescnta- 
tion  that  are  inside  the  concept  of  hypcmiedia  and  others  thai  arc  outside  of  it  You 
might  think  of  a  map  that  has  various  demarked  regions,  each  corresponding  to  a 
different  concept  One  of  the  regions  is  labeled  "hypermedia."  Some  types  of  pre- 
scniation  are  definitely  inside  the  hypermedia  region,  some  arc  definitely  outside 
it,  and  some  arc  closer  to  the  edge  or  closer  to  the  center. 

Types  of  presentation  thai  are  outside  the  concept  of  "hypermedia  "  ai  least  in 
the  way  they  arc  generally  used,  are  live  lectures,  videotape  and  audiotape  lectures, 
the  Keller  Plan,  programmed  insuaiciion,  computer  assisted  instruction,  and  per- 
sonalized student  instruction.  But  some  presentation  methods  lie  inside  the  concept 
of  hypermedia.  These  include  very  short  talks  at  professional  meetings,  poster  ses- 
sions, textbooks,  and  printed  modular  lesson  systems.  In  each  of  the  media  that  arc 
inside  the  hypermedia  concept,  you  can  make  many  choices.  The  ease  of  access  to 
the  options  and  the  likely  consequences  of  choosing  them  arc  better  taken  care  of 
in  some  media  than  in  others. 

Using  Hypermedia 

Using  aCCH  (compuicf-conlrollcd  hypermedia)  presentation,  you  can  superim- 
pose a  lecturer's  head  on  a  physics  presentation,  with  the  lecturer's  synthesized 
voice  "reading"  the  lecture  while  the  lips  move  on  the  digitized  image  of  the  lec- 
turer's head.  This  talking  head  need  not  be  in  a  separate  window;  it  can  be  directly 
superimposed  on  the  action  just  as  on  television  newscasts.  The  head  can  be  that  of 
the  student's  favorite  professor,  or  the  student  can  switch  it  to  be  the  head  and 
voice  of,  say,  Bruce  Springsteen,  giving  out  synthesized  physics  words.  The  oiu- 
dcni  can  switch  the  head  off  and  just  hear  the  voice,  or  can  switch  the  voice  off  too 
and  just  watch  screen  «cxt.  The  student  can  even  decide  to  download  the  text  to  a 
printer  text. 

In  a  CCH  prcsentauon  the  student  sees  buttons  to  press  on  the  screen.  Here  is 
what  the  student  might  see  at  the  begmning  of  the  lesson: 

The  student  might  want  to  see  data  on  the  lesson's  u.sc— how  much  iroublc 
other  suidents  have  had  with  this  lesson.  There  might  be  a  prcquiz  available  so  the 
student  can  test  readiness  for  this  particular  lesson.  The  student  might  want  to  sec 
how  this  lesson  fits  into  the  whole  of  physics  or  of  science.  The  student  can  use  a 
mouse  to  move  the  screen  cursor  to  the  appropriate  button  image  and  click  on  it  to 
select  any  of  these,  or  he  can  choose  none  of  these  options. 

When  he  finishes  a  lesson,  the  student  might  want  to  select  questions  to  ponder 
or  problems  to  solve,  or  take  a  self-test  exit  exam.  The  student  might  want  to 
review  certain  topics. 

While  in  the  midst  of  studying  the  lesson,  the  student  has  choice  buttons  avail- 
able at  various  points.  Whether  those  buttons  are  displayed  on  ihe  screen  at  any 
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Figure  1.  Hypermedia  Buttons. 


particular  momcnl  is  ako  a  choice.  Here  arc  some  option  buttons  »hai  might  i^)pcar 
on  the  screen  at  an  appropriate  point:  a  filmed  or  animated  demonstration;  more 
examples;  illustrative  and  practice  problems;  a  quiz;  references  for  background; 
references  for  further  study;  or  initial  help  on  compleung  an  argument  or  on  work- 
ing an  example.  Suppose  the  student  pushes  a  "help"  button  but  finds  the  resulting 
help  insufficient.  He  can  push  a  help  button  witian  the  help  presentation  and 
receive  further  ^clp.  In  some  of  our  current  lessons  we  have  as  many  as  four  layers 
of  help.  A  student  need  only  go  to  the  depth  needed  to  get  past  a  personal  sticking 
poiiil  an'  ihc't  {ei  back  to  the  main  presentation.  We  aim  to  emulate  well-designed 
office  hours  or  consulting-room  help.  We  give  varying  amounts  of  help  to  various 
sludcnfs,  and  we  try  not  to  clutter  up  the  main  presentation. 

Oilier  buta)ns.  appearing  on  demand,  allow  the  student  to  sec  where  this  lesson 
resides  in  the  general  scheme  of  things,  or  to  see  buuons  next  to  all  words  that  are 
in  the  glossary,  or  to  see  the  glossary  itself  with  the  screen  centered  on  entry  for  the 
word  at  the  button.  The  student  can  also  simply  hoid  down  a  button  that  causes  a 
fast  backward  or  forward  flipping  through  I'ae  presentation. 


Pre-Computer  Printed  Versions 

All  of  our  lessons  in  physics,  covering  most  of  the  normnl  undergraduate  cur- 
riculum, arc  currently  available  to  students  only  in  the  paper  medium,  although 
they  arc  developed  on  computer-stored  word-processor  versions.  A  basic  design 
go.il  of  the  word-processor  versions  has  been  to  hold  each  paragraph,  complete 
with  graphics,  to  the  size  of  the  word  processor's  computer  screen.  Tins  should 
make  It  easy  to  convert  the  lessons,  one  by  one.  to  computer  delivery. 

ERIC 


Signell  63 


In  ihc  primed  versions,  ihc  CCH  "bauons"  arc  represented  by  alphanumeric 
codes  in  bracJccls,  Instead  of  just  pressing  a  button  ai  some  point  in  the  present*, 
lion,  the  student  must  note  the  code,  turn  to  the  end  of  the  lesson  find  the  glossary 
or  the  right  suppIcniCnt,  »hcn  find  the  right  numbered  window  in  the  supplement  or 
the  word  in  ihc  glossiry.  Within  a  help  window,  a  further  level  of  help  is  proviricd 
by  a  reference  (in  bnjckeis)  to  another  window  in  the  same  supplement.  Assess  to 
help  is  obviously  easier  in  ihc  computer  version  than  in  the  printed  version.  Note 
that  a  print-medium  reference  to  a  demonsuntion  on  video  disk  may  require  the 
student  to  go  out  and  find  a  vjdco-disk  player. 

Animation  and  Lap  Dissolves 

One  interesting  thing  wc  discovered  was  thai  by  iind  large  students  do  not  like 
inic  animation.  They  think  it  is  too  hard  to  follow.  What  the  students  like  bettor  is  a 
series  of  soft^lap  dissolves,  where  one  frane  stays  on  the  screen  for  one  second^ 
ihcn  dissolves  inio  ihe  next  frame  over  a  period  of  one  second.  As  one  frame  dis- 
solves into  Ihc  next,  the  students  can  see  the  change  since  they're  only  having  to 
follow  a  finite  number  of  changes.  They  feel  that  they  really  get  a  feeling  of 
motion  from  the  dissolves  but  at  the  same  time  they  can  follow  what  is  happening. 
We  put  these  frames  m  the  print  version?  with  presentation  techniques  that  assist 
the  eye-brain  system  in  obtaining  a  modest  feeling  for  the  motion. 

Lesson  Option*: 

We  also  use  a  concept  called  "lesion  options,"  lesson  options  let  stutlcnts  apply 
physics  to  areas  of  sfong  pcrso*^'»l  interest.  For  example,  when  studying  nioments 
of  inertia,  a  student  who  is  a  icnins  player  can  leam  how  to  locate  the  three  sweet 
sjwts  on  a  tennis  racket  and  then  demonstrate  what  he  has  learned  to  a  staff  mem- 
ber for  credit  The  s:udeni  can  also  learn  the  derivation  of  the  tennis-racket  theo- 
rem and  demonstrate  the  theorem  usin;»  a  tennis  racket. 

Hypermedia  Development:  People 

To  develop  hypermedia  lc^sons,  we  assign  one  faculty  member  at  an  instituuon  to 
one  lesson.  He  spends  several  years  perfecting  iliat  lesson.  Tlus  is  a  cottage-indus- 
try approach  as  opposed  to  an  approach  where  a  central  project  hires  media  profes- 
sionals to  develop  lessons  in  cooperation  with  a  few  physicists. 

If  wc  were  to  hire  professionals  to  produce  all  of  ilic  necessary  hypermeiia 
lessons,  the  cost  involved  would  '>robabIy  exceed  the  U.  S,  gross  national  product. 
The  level  of  cxpcrusc  needed  and  the  minuie-by-ii.mutc  cost  are  about  the  same  a 
lhat  of  creating  good  tclevisi'^n  ads,  and  for  much  the  same  reasons. 

Developing  hypermedia  lessons,  with  all  the  optional  paths,  takes  a  lot  of 
physics  insight,  some  lesson-design  insight,  and  a  lot  of  dedicated  work.  Y'c  have 
found  that,  generally,  only  regular  physics  department  faculty  arc  able  to  appiy  our 
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set  of  lesson  design  principles  success,  jlly  to  any  particular  topic.  We  have  found 
it  far  more  effective  to  help  physics  faculty  Icam  lesson  design  than  :o  have  the 
lessons  developed  primarily  by  professional  writers  or  educators. 

Th'*  individual  lessons  in  our  system  have  been  produced  by  physics  faculty 
located  in  various  colleges  and  universities  around  the  country.  Our  pioduction 
system  has  to  ensure  that  the  lessons  fit  together  like  the  pieces  of  a  jigsaw  puzzle. 
One  piece  of  evidence  that  this  happens  is  that  not  one  of  the  10,000  students  who 
have  used  our  lessons  has  ever  complained  thai  successive  lessons  had  different 
styles  or  didn't  fit  together.  Anoihcr  piece  of  evidence  is  that  not  one  of  the  1,000 
or  so  student  reviews  of  lessons  has  ever  mentioned  this  as  a  problem  (they  have 
mentioned  every  oihei  problem  wc  could  think  oQ.  To  the  students,  at  least,  the 
system  spears  to  be  seamless. 

In  our  development  model,  the  participating  faculty  do  not  get  paid  directly  to 
develop  Wessons.  This  is  exactly  as  in  research,  where  faculty  arc  r^oi  paid  royalties 
for  publisl.cd  papers,  even  when  these  published  papers  turn  out  to  have  enormous 
industrial  bpin-offs.  However,  according  to  a  national  poll  of  department  chairper- 
sons, hypermedia  development  is  considered  equal  to  a  research  paper  in  decisions 
on  promotion  and  sriiary. 


Developing  the  Help  Branches 

We  develop  the  optional  help  branches  in  lessons  in  two  stages.  First,  the  lesson 
author  constructs  help  branches  based  on  his  or  her  design  and  insight.  Then  when 
students  using  the  lesson  come  in  for  office  hour  or  consulting-room  help,  or  make 
points  'n  their  "graffiti  reviews/*  the  author  receives  relevant  feedback  and  adds 
additional  nclp  sequences  to  the  lesson.  Over  time,  as  tru  .c  and  more  help  options 
arc  added  to  the  lessons,  the  need  for  office  hour  or  consulting-room  help  drops 
dramatically. 


Proliferation  of  Courses 

The  hypermedia  sysi-m  fosi-rs  a  proliferation  of  courses.  With  lectures  gone,  a 
faculty  '  ember's  teaching  load  depends  on  the  number  of  students  taught  rather 
than  on  the  number  of  courses.  Thus  the  hypermedia  system  in  our  department  has 
become  a  collecting  point  for  ^  Mirscs  whose  small  enrollments  would  otherwise 
cause  them  to  be  canceled  or  eliminated.  We  are  currently  using  hypermedia  to 
teach  an  upper-division  course  required  of  secondary  science-education  majors. 
We  also  have  special  courses  for  special  constituencies,  such  as  a  calcuius-bascd 
course  taken  by  hot-shot  premeds  and  all  biochem  students.  This  course  is  some- 
what less  extensive  than  the  course  for  physical  science  and  engineering  students 
but  it  is  more  rigorous  than  the  noncalculus  course.  We  also  have  courses  that 
"bridge"  students  up  from  lower-level  courses  taken  for  another  major  or  at  a  com- 
munity college.  We  have  been  able  to  customize  courses  for  individual  students 
with  odd  deficiencies. 
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The  Lessons'  Prerequisite  Map 

The  key  to  putting  lessons  together  coherently  and  to  exposing  the  structure  of 
knowledge  to  view  for  both  students  and  faculty  is  the  hypermedia  system's  pre- 
requisite map. 

The  figure  shows  only  a  small  section  of  the  physics  map.  Each  numbCi'xi  oval 
represents  an  individual  lesson.  You  can  think  of  the  ovals  as  cities  with  roads  con- 
necting them  (indicated  by  lines  on  the  map).  These  lines  represent  paths  students 
can  take  as  they  work  their  way  through  the  system  of  lessons.  Notice  that  the  lines 
^re  really  arrows,  indicating  one-way  travel.  In  fact,  an  arrow  pointing  from  one 
lesson  to  a  second  indicates  that  the  first  lesson  contains  one  or  more  prerequisite 
skills  needed  for  entry  to  the  second  lesson.  To  determine  the  prerequisites  on  the 
map  the  lesson's  author  makes  statements  of  the  actual  skills  mat  are  prerequisite 
for  the  lesson.  After  each  such  input  skill,  the  author  notes  in  parentheses  the  num- 
bers of  other  lessons  in  the  system  that  adequately  leach  that  skill  (in  the  author's 
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Figure  2.  Section  of  a  prerequisite  map. 
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opinion).  Wc  use  those  references  to  place  the  lesson  on  the  map  and  lo  draw  in  to^ 
prerequisite  links. 

The  flgure  above  shows  a  portion  of  the  prerequisite  map  in  the  area  of  classical 
mechanics.  Note  that  the  author  of  lesson  21  found  that  lessons  16  an^^  20,  togeth- 
er, supply  the  input  skills  needed  for  lesson  21.  Notice  that  lesson  21  has  many 
arrows  poinUng  from  it  to  other  lessons,  so  it  must  teach  an  important  concept  In 
fact,  lesson  21  is  on  conservation  of  energy. 

The  smaller  the  lessons,  the  more  structure  of  knowledge  is  exposed  to  view.  If 
one  were  !o  mal^e  each  lesson  the  size  of  a  whole  course,  these  huge  "lessons'* 
would  occur  ji  a  linear  chain  and  the  map  would  be  uninteresting.  But  each  lesson 
in  our  hypermedia  system  currently  has  about  the  same  amount  of  material  as  a 
lecture;  this  size  of  lesson  pnoduccs  a  lot  of  branching  in  most  areas  of  the  resulting 
m^.  Once  we  go  to  CCH  we  may  wish  to  make  f^e  lessons  the  size  of  paragraphs, 
but  we  don't  know  how  much  exua  worK  this  will  be  for  a  lesson's  author. 

One  can  imagine  the  prerequisite  map  extending  to  all  disciplines  in  the  univer- 
sity. Under  such  a  system,  a  student  could  lake  lessons  from  various  departments 
without  recourse  to  "courses."  A  student  woula  ha  'c  no  motive  to  ::hcat  if  he  or 
she  could  see  on  the  prerequisite  map  exactly  wher.;  skills  learned  today  will  be 
used  down  the  road. 


Printed  Version;  Method  of  Distribution 

E:^h  of  our  present  lessons  has  a  list  of  input  skills  and  oc.  a  skills,  and  is  placed 
in  a  delineated  region  of  the  physics  map.  Many  lessons  are  self-standing  and  are 
complete  with  overviews,  problem  sets,  and  special  sections  containing  graduated 
help  for  completing  arguments  in  the  text  and  for  working  thej  oblems.  The  most- 
used  lessons  in  particular  courses  arc  collected  into  loos^^-leal  textbook.*-  published 
by  Michigan  State  University  Press.  Seven  such  volumes  are  currently  in  prim. 
Other  individual  printed  lessons  are  purchased  by  the  students  from  copying  stores, 
like  Kinko's,  near  the  campus. 

Thecup^nt  version  of  each  printed  lesson  also  cr  isis  as  a  word-processing  file, 
so  the  lessons  are  already  partway  to  the  hypermedia  sia^e.  As  we  finish  transfer- 
ring each  lesson  to  hypermedia,  we  will  make  it  available  for  free  use  in  campus 
microcomputer  labs,  and  we  will  make  it  available  f(>r  sale  on  disk  in  Kinko's  or 
similar  places.  Thus,  we  wiW  start  with  /olun^  piecemeal  subslitution  of  hyper- 
media lessons  for  the  equivalent  printed  or.js. 


Constructing  General-Skills  Profiles 

After  we  articulate  the  general  skills  we  think  are  important  we  must  provide 
instruction  in  each  of  those  general  skills.  To  do  this,  wc  niust  provide  diagnosis 
and  remediation  in  each  general  skill.  Wc  must  test  a  student's  general  skills  fre- 
quently and  let  students  see  the  profiles,  and  we  must  constantly  update  those  pro- 
files. 
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Here  is  a  general-skills  profile  for  one  of  our  students.  This  student  is  one  of 
approximately  700  U>  800  students  we  have  each  term.  These  students  are  spread 
out  among  25  to  35  courses. 

In  the  skills  profile  the  height  of  each  bar  represents  that  student's  percentile 
ranking  in  his  or  her  class  for  a  single  general  skill.  Thus  a  bar  labeled  68  percent 
means  that  the  student  did  better  than  68  percent  of  his  peas  on  that  skill. 

The  first  bar,  labeled  "knowledge,*"  shows  the  student's  ability  to  acquire  and 
connmunicate  knowledge  and  to  apply  rules  in  physics. 

The  second  bar  shows  ih.^.  student's  bility  to  develop  problem  plans  to  solve 
iclativeiy  complex  homework  problems. 

The  third  bar  Smows  the  mathematical  accuracy  with  which  the  student  solves 
problems. 

The  fourth  bar  shows  the  student's  percentile  rating  in  being  able  to  do  parts  of 
exams  and  also  whole  exams  "excellently."  For  example,  th  bar  distinguishes 
between  a  student  who  gets  everything  half  right  and  one  who  docs  If  the  things 
perfectly  but  the  others  not  at  all. 

The  reason  to  separate  "mathematical  accuracy"  from  **problem  solving"  is  that 
these  skills  sometimes  have  separate  value  in  the  workplace.  For  examp' a  person 
who  is  excellent  at  making  plans  but  is  not  meticulo:*"!  in  carrying  them  out  might 
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be  a  good  group  planner..  Conversely,  a  person  who  has  trouble  constructing  plans 
but  is  meticuloiis  in  executing  them  might  be  a  good  group  workci. 

The  last  bar  represents  communication.  To  produce  a  student's  communication 
rating,  we  score  every  question  on  every  exam  for  communication  skill  (as  well  as 
for  other  appropriate  skills).  We  do  not  believe  in  using  multiple-choice  or  fill-in- 
the-blank  questions;  the  student  should  formulate  the  complete  response  to  the 
exam  question  and  must  not  include  extraneous  material  in  the  response.  Students* 
exam  responses  must  be  neatly  laid  out,  as  though  for  publication.  Students  occa- 
sionally give  lectures,  complete  with  demonstrations,  and  arc  rated  on  them.  In 
fact,  most  students  do  become  proficient  communicators  after  they  become  con- 
vinced that  we  are  serious  about  it 


How  Staff  Are  Used 

When  materials  are  the  primary  medium  of  presentation,  the  tc  ;hing  staff  is  of 
crucial  importance.  Fiisl,  there  must  be  human  consulting  assistance  for  students 
with  idios)TCratic  problems  (these  will  always  be  with  us).  The  teaching  staff  must 
evaluate  complex  presentations  by  students,  coach  the  suidents.  and  give  Uiem  a 
sense  of  style  in  the  disciplines  they  are  studying.  The  staff  must  also  give  master 
classes,  where  appropriate.  Finally,  teaching  staff  must  help  students  acquire 
group-project  sk«ls  and  admire  good  output  from  individual  student  projects.  We 
are  currently  doing  some  of  those  things  and  not  others 

In  our  project's  current  instructional  system,  th.  lowest  level  of  staff  assistance 
is  provided  by  hired  advanced  students  who  were  highly  successful  when  they  took 
courses  in  this  format  themselves.  Students  can  come  to  our  consulting  room  any 
afieinoon  or  evening.  If  the  student  seeks  a  consultant's  help,  the  consultants'  job 
is  to  smoke  out  the  student's  real  problem,  whether  it  be  a  mistaken  concept,  a  poor 
background,  a  lack  of  pursuit,  or  poor  study  habits,  if  the  student's  sticking  point  is 
a  homework  problem,  the  consultant  does  not  to  show  a  ^.udent  a  complete  solu- 
tion to  the  problem.  Rather,  he  just  ge;5  the  student  past  the  immediate  roadblock 
so  the  student  can  proceed  on  his  or  her  own.  If  the  sticking  point  is  in  an  explana- 
tion in  the  materials,  then  the  consultant  docs  not  give  the  student  a  lecture  on  the 
topic,  but  just  gets  that  individual  student  past  that  individual  sticking  point  If  the 
consultant  or  the  student  feels  that  a  higher  level  of  help  is  needed,  the  stud'^nt  is 
immediately  passed  on  to  an  appropriate  higher-level  person  in  the  teaching  staff. 

How  Does  It  Feel? 

Before  I  embarked  on  this  rather  large  enterprise  I  was  a  regular  lecturer.  Over  the 
years  I  had  taught  most  of  the  undergraduate  and  graduate  courses,  and  I  got  good 
ratings  from  the  students.  Of  course  my  lectures  were  works  of  art.  Then  I  got 
involved  with  this  system  and  I  stopped  lecturing.  Well.  I  suffered.  I  had  lecture- 
withdrawal  pains,  and  they  didn't  fade  away  for  over  three  years. 

After  five  years  I  decided  to  iry  lecturing  again,  and  it  was  a  personal  disaster. 
As  I  was  lecturing  I  could  not  help  thinking  that  the  students  sitting  there  listening 
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to  mc  should  be  recalling  much  of  what  I  was  saying  for  ihemsclvcs.  They  should 
be  filling  in  the  arguments.  They  should  be  stopping  to  think  things  over  in  light  of 
what  they  2'ready  knew.  They  should  be  applying  professional  learning  skills.  I  felt 
that  I  was  cheating  them  out  of  their  educations.  I  never  tried  lecturing  again. 

I  also  found  that  it  was  tough  to  set  up  a  rational  environment  Students  con- 
stantly asked  that  I  articulate  justificauons  for  things  we  do  not  normally  discuss, 
such  as:  "Why  do  I  have  to  take  physics?"  "Why  do  I  have  to  learn  these  particular 
things  in  this  particular  amount  of  time?''  ''How  can  you  justify  the  exact  grades 
you  give?**  "How  come  some  physics  professors  encourage  us  to  use  three-by-five 
inch  'cheat  sheets'  in  their  exams  but  you  prosecute  us  as  cheaters  if  we  use  them 
in  your  exams?"  Our  Policies  Handbook,  containing  the  system  policies  and  justi- 
fications, runs  to  SO  typewritten  pages  and  is  frequently  updated  as  students 
challenge  or  seek  further  clarification  on  some  point  or  other 

Having  a  written  book  of  policies  and  iuslifications  and  having  it  become  rela- 
tively debugged  after  a  period  of  time  makes  me  now  feel  as  though  I  am  operating 
according  to  a  "rule  of  law."  On  points  of  policy,  the  staff  and,  on  occasion,  1 
myself  now  cor.<ult  the  handbook.  When  I  think  about  it^  it  seems  ^^'^ms  strange  to 
be  a  professor  constrained  by  rational  policies. 

One  final  note:  This  system  seems  pretty  weird  to  my  graduate  TAs  when  they 
are  first  assigned  to  it  They  have  spent  years  being  on  the  receiving  end  of  the 
educationa.  system  and  are  now  eager  to  show  and  tell  someone  else  what  they 
know.  In  this  system  the  students  arc  supposed  to  tell  what  they  know  aad  the  staff 
arc  supposed  to  react  Just  before  I  fle  v  down  here  to  the  conference,  the  telephone 
rang  in  my  office  and  it  was  a  new  gmduate  TA  in  our  consulting  room.  He  5^aid 
indignantly,  "This  student  tells  mc  .  h  ive  '^o  climb  up  on  this  rotating  highchair  and 
he'll  demonstrate  the  Coriolis  force  on  me.  Do  I  really  have  to  do  this?"  I  said, 
"Yes,  the  student  is  supposed  to  do  the  demonstration  on  you  and  explain  it  to  you. 
Then  you  give  feedback.  But  remember,  the  student  is  supposed  ;o  be  the  active 
one."  There  was  a  sigh  frorr*  he  other  end  of  the  line.  It  was  an  cclio  of  myself 
when  I  first  U^ied  doing  this  14  years  ago. 

I  would  Kac  to  thank  my  long  time  ccllaborators,  Jules  Kovacs.  Tom  Burl,  Bill  Lane  and 
Gene  Kales,  without  whose  help  the  system  would  be  a  pale  reflection  of  iLs  present  self 
Michelle  Radcmacher  has  kept  the  personnel  and  office  humming  with  her  steadiness  and 
infectious  enthusiasm.  Many  of  the  basic  ideas  were  pushed  into  being  by  Oregg  Edwards, 
who  was  always  confident  that  it  could  all  be  done  by  yesterday. 
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When  we  describe  the  calculus-based  university  physics  course  to  our  students,  we 
immediately  emphasize  problem  solving.  We  might  even  tell  our  students  rather 
boldly,  "In  this  course  you  will  learn  problem-solving  skills."  When  we  are  with 
our  colleagues,  we  nod  and  agree  that  developing  problem-solving  skills  in  stu- 
dents is  the  primary  goal  of  the  calculus-based  "hysics  course.  We  say  these  things 
with  such  authority  that  we  are  likely  to  con  ;e  ourselves  that  we  arc  indeed 
leaching  problem-solving  skills.  We  teach  problem-solving  skills  by  carefully  illus- 
trating to  students  how  we  work  problems.  Wc  assign  many  problems  to  students 
for  practice  because  drill  and  practice  arc  good  for  them.  After  all,  one  of  the  fea- 
tures of  a  good  textbook  is  the  number,  variety,  and  quality  of  the  cnd-of-chaptcr 
problems.  Most  caLulus-based  textbooks  have  approximately  SO  problems  per 
ch^ter,  overlSOO  per  textbook. 

We  discharge  our  duty  of  teaching  problem-solving  skills  by  some  variation  of 
the  following  scenario.  We  plan  a  well-prepared  lecture  with  sufficient  examples 
applying  the  principles  of  physics  to  give  students  the  opportunity  to  see  how  wc 
(professors  and  obviously  expert  problem  solvers)  arrange  the  solution  in  our 
minds.  We  make  the  assumption  that  when  students  sec  how  logically  we've 
approached  the  problem,  they  will  do  likewise.  So,  wc  turn  our  backs  to  the  class, 
cock  our  heads  to  the  side  as  far  left  as  wc  can  and  say,  "Suppose  you  had..."  Wc 
sketch  a  diagram  and  label  everything.  Wc  ask  the  class  if  they  know  what  relation- 
ship to  use.  They  mumble  something.  Wc  turn  our  back  to  the  board  again,  write 
the  appropriate  relationship,  substitute,  and  solve. 

The  tension  builds  as  wc  complete  our  solution  down  to  the  correct  units,  Wc 
turn  back  to  the  class  and  say,  "Do  you  understand?"  The  students  know  their  part 
well.  They  answer.  "Yes."  And  wc  continue.  The  delusion  is  complete. 

I  contend  that  the  "yes"  means  nothing  more  than  a  receipt  of  inr^rmation. 
When  students  drop  by  our  office  or  mention  after  class  how  they  understand  the 
problems  when  wc  work  them,  but  can't  get  started  on  their  own,  wc  fail  to  recog- 
nize our  deficiency  of  our  strategy  in  achieving  the  desired  oi  tcome  for  university 
physics. 

Problem  solving  is  complex.  Until  recently,  understanding  how  people  learn  to 
solve  problems  has  been  in  the  realm  of  unexplainable  phenomena.  It  isn't  that 
way  any  more.  Over  the  past  15  years,  cognitive  psychology  and  the  tools  of  con- 
putcr  modcMng  have  provided  insight  into  how  novices  and  experts  go  about  the 
business  of  solving  problems.^  This  comparative  information  has  opened  our  eyes 
to  the  some  of  the  strategies  that  must  be  utilized  in  teaching  problem-solving 
skills.  The  bibliography  of  interesting  and  useful  research  in  problc^i  solving  i> 
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continuing  to  grow.  Likewise,  investigations  Into  student  misconceptions  has  pro- 
duced information  that  can  be  integrated  with  the  problem-solving  research  to 
improve  teaching  strategies  in  courses  where  analytical  problem-solving  is  impor- 
tant.2 

The  wide-scale  availability  of  microcomputers  in  universities  and  schools  com- 
pels us  to  change  the  ways  in  which  we  work  with  students.  Computers  with  artifi- 
cial-intelligence capabilities  offer  the  widest  range  of  opportunities  to  alter 
instructional  surategies,  but  even  the  one-computer  classroom  offers  new  chal- 
lenges to  teachers  and  new  ways  to  improve  our  instruction. 


The  Microcomputer  and  Problem 
Solving  in  Physics 

Investigations  in  the  area  of  problem  solving  have  produced  information  that  can 
be  used  well  with  microcomputer  technology.  Anecdotal  information  as  well  as 
systematic  studies  support  the  notion  that  the  novice  problem  solver  (the  student) 
differs  appreciably  from  the  expert  problem  solver  (the  teacher).  Rief  has  suggest- 
ed that  students  rarely  utilize  expert  problem-solving  techniques  such  as  generating 
a  comprehensive  initial  description  of  the  problem,  synthesizing  a  solution  to  the 
problem,  and  assessing  a  solution.^  Without  proper  guidance,  even  good  students 
rely  on  problem-solving  methods  that  follow  the  path  of  least  resistance. 

The  microcomputer,  however,  has  the  potential  to  force  students  to  assume  an 
active  role  in  learning.  When  highly  interactive  software  is  employed,  the  micro- 
computer can  be  an  effective  tutor.  Students  can  participate  in  a  structured  dialogue 
or  control  a  simulation  of  nature.  By  intellectually  engaging  students,  the  micro- 
computer in  the  role  of  a  tutor  encourages  the  student  to  think. 

Students  gain  useful  practice  in  the  art  of  problem  solving  when  the  software  is 
interactive  and  is  cr'^tered  on  carefully  constructed  dialogues.  Research  has 
demonstrated  that  neither  extensive  observation  of  expert  problem  solvers,  nor 
solving  many  textbook  problems,  has  noticeable  effect  on  building  strong  problem- 
solving  skills.  However,  students  can  practice  problem  solving  in  a  way  that  emu- 
lates the  strategies  of  experts  by  engag  ng  in  computer  dialogs  that  capitali/e  on 
the  unique  features  of  the  microcomputer  as  a  learning  tool. 

Educational  software  should  take  advantage  of  the  followmg  features  of  the 
microcomputer: 

1.  The  potential  for  high  mteraction  mvites  students  to  become  active  instead  of 
passive  learners. 

2.  Interactions  between  computer  and  student  can  be  planned,  not  spontaneous. 
We  can  build  into  the  interacuon  the  collective  knowledge  about  student  mis- 
conceptions, and  we  can  pose  unambiguous  questions  that  guide  students,  to 
correct  reasoning. 

3.  The  computer  has  infinite  patience  for  repetitive  tasks.  A  good  mteraction  can 
\  e  repeated  many  times  v/ith  n-^ny  students. 
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4.  Interactions  are  private,  thus  alluwing  the  student  to  respond  incorrectly  without 
psychological  penalties.  The  microcomputer  is  nonjudgmenlal. 

5.  The  computer  allows  I'or  variety  in  interactions,  even  those  where  the  student 
explores  nature  via  simulations. 

Obviously,  the  microcomputer  also  does  other  things  of  value  in  physics 
instruction,  such  as  running  tool  software  for  data  collection  and  analysis. 

When  the  microcomputer  is  exploited  to  its  fullest  extent  as  a  tutor,  we  have  at 
our  fingertips  a  way  of  challenging  students  inteilectually  that  cannot  be  achieved 
in  any  other  way  given  the  constraints  that  exist  in  schools  and  universities  for 
teaching  resources.  Software  that  maximizes  these  features  of  the  microcomputer 
provides  teachers  with  a  way  to  give  students  individual  attention.  On  the  other 
hand,  software  that  does  not  use  the  interactive  features  of  the  microcomputer 
poses  a  host  of  pedagogical  problems  as  ennui  overcomes  the  student  who  merely 
"turns  the  pages  of  a  computer  screen."  This  kind  of  software  will  have  little,  if 
any,  positive  impact  on  education. 


CDC  Physics  1  and  2  and  Problem  Solving 

Physics  1  and  2  is  a  comprehensive  program  in  calculus-based  lysics  developed 
by  Control  Data  Corporation  as  a  part  of  its  lower  division  engineering  curriculum. 
Initially  the  program  was  delivered  on  8-inch  diskettes  using  Viking  1 10  terminals; 
it  is  now  available  on  5  1/4-inch  diskettes  for  IBM  PC  or  compatibles.  We  use  both 
at  North  Carolina  State  University.  CDC  also  offers  the  option  of  subscription  to  its 
PLATO  system  via  telephone  link  with  online  mastery-based  testing  and  record 
keeping.  We  no  longer  use  the  online  features  in  our  integration  project. 

The  courseware  is  highly  interactive  and  the  pedagogical  desi^^n  embedded  in 
the  software  focuses  on  the  development  of  problem-solving  skills.  The  content  of 
Physics  1  and  2  matches  well  with  the  standard  engineering  physics  course.  A 
detailed  look  at  one  of  the  modules  gives  a  good  indication  of  the  strength  jf  the 
program  in  developing  problem-solving  skills. 

Each  lesson  begins  with  an  introduction  describing  the  content  of  the  lesson, 
what  students  should  know  prior  to  beginning  the  lesson,  what  students  will  be 
able  to  do  at  the  end  of  the  lesson,  and  what  tools  students  need  to  do  the  lesson. 

To  test  the  student's  pr  •  knowledge  on  essential  concepts,  the  program  pre- 
sents a  review  in  which  students  must  demonstrate  their  knowledge.  Simulations 
are  frctiuently  used  in  the  review  as  well  as  in  the  main  lesson.  Skills  that  students 
develop  in  the  review  may  be  repealed  in  the  main  lesson.  Whenever  students  con- 
trol a  skill-oriented  simulation,  the  program  allows  students  to  practice  until  they 
are  rear*/  to  begin  the  problem  posed  in  the  main  lesson.  The  simulations  often  use 
gamelike  featurr^  to  keep  student  interest  high  and  require  more  actual  student 
input  than  page  turning. 

In  areas  covering  problems  more  like  the  typical  problems  in  a  phvsics  ♦ext- 
book,  the  design  of  Physics  1  and  2  requires  that  students  (I)  describe  the  problem, 
(2)  identify  a  strategy,  (3)  implement  the  strategy,  and  (4)  check  the  results.  In  the 
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problem  description  students  identify  explicit  and  implicit  numerical  information 
and  sketch  a  diagram  of  the  problem  where  appropriate.  Identification  and  imple- 
mentation of  the  strategy  include  deciding  'u\  advance  what  the  answer  should  look 
like,  selecting  equations  that  may  be  useful  isolating  unknown  variables,  and  com- 
puting an  answer.  This  strategy,  which  mirrors  research  findings  on  problem -solv- 
ing skills  of  experts,  is  repeated  throughout  Physics  1  and  2  and  results  in  what  I 
believe  is  high-quality  software.  After  an  extensive  study  of  the  pedagogical  design 
of  Physics  1  and  2,  we  have  modified  and  embellished  the  problem-solving  strate- 
gy into  a  problem  solving  template  that  we  use  with  students  in  our  Physics 
Tutorial  Center.  We  have  been  pleased  with  this  as  a  spinoff  of  our  CE>C  Project 
and  see  the  problem  solving  template  as  something  we  learned  from  good  soft- 
ware. 

The  details  of  how  I  have  integrated  this  courseware  into  engineering  physics 
have  been  discussed  in  The  Physics  Teacher,^  but  let  me  qu.  kly  recall  some  of  the 
information  for  you.  Approximately  40  students  each  semester  from  my  section  of 
engineering  physics  select  to  use  computer-assisted  instruction  as  a  part  of  their 
course.  We  supplement  CDC  Physics  1  with  other  commercially  available  thermo- 
dynamics software,  Stud'^nts  spend  three  hours  per  week  at  a  microcomputer  sta- 
tion using  Physics  L  We  encourage  students  to  view  the  three-hour-pcr-week 
commitment  as  structured  study  time.  Table  1  shows  a  comparison  of  grading 
schemes  of  students  using  courseware  to  students  following  a  traditional  course 
with  a  problem  session. 


Table  1. 

Comparison  of  IVaditional  Physics  and  Physics  mih  Courseware 


Physics  using 


Traditional  Physics 

Credit 

Courseware 

Credit 

Lecture  (3  hr./wk.) 

Lecture  (3  hr,/wk,) 

Four  tests 

56% 

Four  Tests 

50% 

Experimental  lab 

10% 

Experimental  lab 

10% 

(2  hr,/wk.) 

(2  hr./wk.) 

Homework 

10% 

Homework 

10% 

Final  examination 

24% 

Final  Examination 

24% 

Problem  Session 

0% 

Courseware  work 

6% 

(1  hr./wk.) 

(3  hr./wk.) 

Students  keep  a  notebook  of  courseware  assignments  and  ar:  graded  on  this 
work.  Attendance  is  required,  but  we  a^so  offer  students  the  option  of  returning  to 
the  traditional  course  and  grading  scheme  at  any  time. 

We  monitor  student  comments  and  attitudes  about  the  program  both  formally 
and  informally.  We  keep  the  level  of  interaction  high  by  using  the  software  and  by 
assigning  tutors  to  work  with  students.  Students*  comments  are  positive  for  the 
most  part.  One  student  summed  it  up  nicely:  *1t  was  almost  as  though  I  was  work- 
ing with  a  calm,  patient,  flesh-and-blood  tutor." 
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The  Most  Frequently  Asked  Question 

I  am  frequently  asked  which  students  learn  more — those  using  CDC  piiysics  or 
those  attending  the  traditional  problem-solving  session?  First  let  me  tell  you  what  I 
believe  and  then  tell  you  what  I  know.  I  believe  that  learning  is  both  difficult  to 
define  and  difficult  to  measure.  Unless  you  have  repeated  measures  of  achievement 
on  a  particular  objective  over  time,  you  can't  be  sure  if  learning  has  taken  place. 
That  is,  if  someone  has  "leamed"  something,  there  must  be  evidence  that  the  new 
information  can  be  applied  correctly  on  a  construct-valid  measure  and  replicated 
on  repeated  measures.  We  might  find  it  useful  to  know  that  if  we  apply  Topic  X  to 
a  student  via  a  microcomputer-based  lesson,  the  student  will  learn  moie,  but  this 
learning  is  not  something  we  can  measure  definitively. 

So,  what  do  I  know  about  learning  problem-solving  skills  and  CDC  Physics  I 
and  21 

1.  The  authors  of  Physics  I  and  2  have  taken  traditional  topics  in  university 
physics  and  developed  those  topics  in  such  a  way  that  the  microcomputer  acts 
as  a  "good"  tutor  for  developing  "good"  problem -solving  skills. 

2.  Students  who  use  CDC  physics  in  a  su'uctured  homework  mode  for  approxi- 
mately three  hours  per  week  are  favorably  impressed  with  the  problem -solving 
discipline  imposed  on  them  by  the  microcomputer 

3.  In  comparing  achievement  on  common  examinations  between  stuc^cnus  m  CDC 
physics  and  those  '\u  a  U'aditional  problem  session,  we  find  indications  that 
achievx^.-nent  may  be  improved  for  those  using  the  courseware.  The  evidence  is 
limited  at  this  point,  but  this  conunues  to  be  an  interesting  problem  for  investi- 
gation. 

1.  J.  Larkin,  "Cognition  of  Learning  Physics,"  Am.  J.  Phys.  49,  534  (June  1981). 

2.  L.  C.  McDcrmoll,  "Research  on  Conceptual  Understanding  in  Mechanics."  Physics 
Today  (July  1984). 

3.  F.  Rcif,  "How  Chemists  Teach  Problem  Solving,"  J.  Ch.  Ed  60,  948  (Novembc^r  1983). 

4.  K.  L.  Johnston  L.  Grable-Wallace,  and  J.  S  Risley,  "Integrating  CDC  Physics 
Courseware  mto  Engineering  Physics,'*  Phys.  Teach.  25,  286  (May  1987). 
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Early  Experiences  with  Physics 
Simulations  in  the  Classroom 

Bias  Cabrer:; 

Physics  Department,  Stanford  University,  Stan,     ,  CA  94305 


Many  concepts  in  physics  involve  the  dynamic  motion  of  a  system.  We  understand 
the  transmission  and  reception  of  radio  waves  because  we  understand  the  motion 
of  electric-field  patterns  produced  by  accelerated  electric  charges.  Other  examples 
are  planetary  oibits,  which  we  understand  through  Newton's  laws,  and  ihe  kinetic 
theory  of  gases,  which  we  understand  as  the  motion  of  many  atoms  bouncing  in  a 
box.  In  the  traditional  instruction  of  elementary  physics  courses,  instructors  intro- 
duce these  concepts  with  classroom  demonstrations  and  laboratory  sessions. 
Ho^vever,  some  concepts  have  b^n  difficult  to  elucidate.  Powerful  computers  have 
now  become  sufficiently  inexpensive  to  allow  the  widespread  inutxiuction  of  sim- 
ulations as  teaching  aids  for  elementary  physics  instruction  at  the  college  level. 

Physics  Simulations  is  a  series  of  computer  simulations  for  elementary  physics 
instrucdon.l  These  programs  have  grown  out  of  our  drsirc  to  use  the  instructional 
potential  of  modem,  inexpensive  microcomputers  as  z  tool  for  students  to  explore 
the  structure  of  physical  models.  Such  programs  are  intended  to  supplement  inuo- 
ductory-level  physics  courses.  Particularly  useful  is  the  graphics  capability  of  the 
Macintosh,  which  uses  the  mouse  interface  aid  is  capable  of  high-quality  anima- 
tion. The  visualizations  provided  by  these  simulations  develop  physical  intuition 
and  allow  the  use  of  this  software  over  a  wide  range  of  mathematical  sophistica- 
tion, from  our  Physics  for  Poets  course  to  intermediate-level  mdergradualc-major 
courses. 


Philosophy 

The  Macintosh  was  the  fu^t  inexpensive  computer  to  inuoducc  a  higher  level  of 
animau'on  c^ability.  Using  this  tool,  we  have  developed  simulations  that  graphi- 
cally  represent  simple  physical  models  so  that  students  can  understand  the  exact 
relation  between  the  screen  animation  and  the  analytic  descriptions.  Our  programs, 
designed  to  help  the  student  understand  physical  concepts,  should  be  used  together 
with  conventional  teaching  techniques  for  elementary  physics  courses  at  colleges 
and  universities.  In  designing  the  software,  we  fiave  adhered  to  the  following  prin- 
ciples: 

1.  No  computer  literacy  should  be  required  of  the  student.  We  do  not  want  to  tuni 
the  physics  class  into  a  computer-programming  class.  Students  d^,z  only  the 
mouse  and  the  customized  pull-down  menus.  They  can  enter  piccise  data  with 
the  mouse  by  using  slide  bars  with  numerical  displays. 
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2.  The  simulations  should  maximize  the  use  of  graphics.  Graphical  rcprcscniaiion 
of  data  always  aids  the  undcrstariding  of  physical  p.xx:csscs,  particularly  for 
physical  systems  that  evolve  in  Umc. 

3.  The  presentation  and  the  format  should  be  as  simple  as  possible.  We  arc  noi 
interested  in  generating  more  compt-er-arcade  games,  bui  rather  in  ensuring 
that  every  inpui  by  the  user  will  ptollCc  an  easily  understandable  rcsuli  on  the 
screen. 

4.  The  scope  of  each  program  should  be  maximized.  We  warn  each  program  to 
address  a  large  number  of  problems  without  nrudcing  them  overiy  complicatfuL 

5.  No  computation  should  take  longer  than  about  Jive  minutes.  Therefore,  the  total 
time  involved  in  a  student  session  with  each  program  would  be  about  one  to 
two  hours. 


Description  of  Programs 

The  central  programming  theme  of  these  simulations  is  animation.  We  have  used 
three  difTerept  techniques,  depending  on  the  level  of  complexity  in  the  screen  pre- 
sentation. If  com^'itations  and  screen  updates  can  be  done  quickly  enough,  then 
e.  At  new  frame  is  generated  in  real  time  and  displayed  while  the  next  frame  is  pre- 
pared offscreen.  If  the  computation  Ume  is  norc  than  about  0.1  sec.  per  frame, 
each  fmme  is  generated  in  an  initial  set-up  procedure  and  stored  in  memory.  About 
32  frames  are  generated  and  then  played  back  in  rapid  succession  (up  to  about  15 
frames  per  second)  to  produce  the  animation.  If  the  set-up  time  for  frame  genera- 
tion exceeds  about  five  minutes,  uic  frames  themselves  are  stored  on  the  disk  and 
loaded  into  memory  to  produce  the  animation  sequence.  This  last  technique  is  less 
desirable  because  it  does  not  allow  student  interaction. 

The  following  programs  are  in  the  Physics  Simulations  software.  The  program 
disks  incluoe  utilities  for  printing  the  set  '^t .  '  splay  on  an  Imagewritcr  or  storing  it 
on  the  disk  for  later  printmg. 


Mechanics 

Ballistic  simulates  two-dimensional  motion  in  a  constant  gravitational  Held.  A 
drag  proportional  to  velocity  can  be  included  **'ith  an  optional  dependence  on 
exponential  altitude. 

Patential  simulates  the  motion  of  a  particle  in  a  one-dimensional  potential  well. 
Students  can  plot  energy,  velocity,  acceleration,  and  time-average  probability  den- 
sity. Students  may  choose  from  predefined  p^^tentiais  (e.g.  harmonic)  or  define 
their  own. 

Oscillator  simulates  simple,  damped,  and  driven  harmonic  oscillators.  Displays 
incli^de  a  mass  '^n  an  elasdc  band,  amplitude  versus  time,  and  energy  (see  Figure 
1).  The  total  energy  is  continuously  partitioned  into  potential  and  kinetic. 
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Figure  1.  The  program  "Oscillator"  from  Mechanics  simulates  the  simple, 
the  f*amped,  and  the  driven  harmonic  oscillator.  The  damped  oscil- 
late r  is  shown. 


Kepler  simulates  planetaiy  motion.  Students  study  Kepler's  laws  by  using  pre- 
defined orbits  or  by  setting  the  parameters  of  one  or  two  planets  around  a  large 
central  mass. 

Einstein  Ovmonstrates  special  relativity.  The  screen  is  divided  into  a  stationary 
and  a  moving  frame  that  contain  clocks  and  light  pulses  on  a  grid.  Students  can 
simulate  special  relativistic  effects  (including  the  twin  paradox). 


Electromagnetism 

Coulomb  displays  the  electric-field  pattern  for  up  .o  IS  point  charges  on  a 
plane.  Students  set  the  position  and  magnitude  of  each  charge. 

Laplace  calculates  and  displays  Uie  solutions  to  Laplace's  equation  on  a  two- 
dimensional  rectangular  lattice.  Students  can  set  fixed  boundary  conditions  any- 
where  on  the  lattice  to  simulate  a  number  of  physical  models. 

Radiation  simulates  the  time  evolution  of  the  electric  field  of  an  accelerated 
point  charge.  Linear,  circular,  and  oscillatory  motions  with  user-defined  velocities 
and  near-ficid  to  far-field  magnifications  are  displayed  as  animation  sequences  (see 
Figure  2). 

Ampere  displays  the  magnetic  field  pattern  for  up  to  nine  coaxial  current  rings. 
Students  select  the  position  and  magnitude  of  each  ring. 
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Figure  2.  The  program  "Radiation"  from  Electromagnettsm,  simulates  the 
time  evolution  of  the  electric  field  produced  by  an  accelerated  elec- 
tric charge.  Dipole  radiation,  such  as  that  generated  by  a  transmit- 
ting antenna,  is  shown. 


Monopole  simulates  ihc  passage  of  a  magnelic  monopole  through  a  perfectly 
conducting  ruig  (superconductor).  Students  can  view  the  frames  individually  or  as 
an  animation  sequence. 

Modern  Physics 

Gas  simulates  the  thermal  motion  of  particles  in  a  box  and  demonstrates  ele- 
mentary kinetic  theory. 

Brawnian  simulates  the  random  thermal  motion  of  a  particle  in  a  one-dimen- 
sional potential.  Students  may  select  from  a  range  of  potentials  and  temperatures. 

Wave  demonstrates  the  concepts  of  group  and  phase  velocity  in  an  animated 
sequence.  The  ratio  of  group  to  phase  velocities  is  adjustable. 

Fourier  porfoms  the  Fourier  transform  and  inverse  trarsform  of  any  user- 
defined  function.  Students  can  plot  results  as  amplitude  versus  phase  in  real  and 
imaginary  components. 

Hydrogen  generates  electron  density  plots  for  each  of  the  quantum  slates  of  the 
hydrogen  atom.  Students  may  select  the  n.  1.  and  m  quantum  numbers  (see  Figure 
3). 

'diffraction  generates  density  plots  for  single  and  double  slits  and  other  aper- 
tures. 
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Figuro  3.  The  program  "Hydrogen"  from  Modem  Physics,  simulates  the 
electron  density  around  the  proton  in  a  hydrogen  atom.  Here  the 
4d  orbital  is  displayed. 


Ginzburg  introduces  an  elementary  model  of  a  superconductor  by  displaying 
the  coherent  quantum  phase  on  a  lattice.  Students  can  set  Hxcd  boundary  condi- 
tions. 

Transition  is  an  animated  sequence  showing  the  semiclassical  transition 
between  the  2p  and  Is  states  of  tl^e  hydrogen  atom. 

Course  Use  and  Early  Experiences 

We  developed  these  simulations  specifically  for  use  in  the  advanced  freshman 
physics  course  at  Stanford  University.  The  one-year  course  covers  mechanics,  elec- 
tricity and  magnetism,  and  modem  physics.  There  is  also  an  accompanying  labora- 
tor>^  course.  Advanced  freshman  physics  is  intended  for  entering  students  who 
have  taken  more  than  a  year  of  calculus  in  high  school  and  who  intend  to  major  in 
physics  as  undergraduates.  The  course  typically  enrolls  about  25  suidcnts. 

To  introduce  the  simulations,  we  devote  some  class  time  to  numerical  tech- 
niques. For  example,  we  cover  Euler's  ^proximation  in  mechanics  when  we  intro- 
duce initial-value  differential  equations  in  the  fc^ulation  of  Newton's  equations, 
and  we  cover  the  lattice-relaxation  technique  in  electricity  and  magnetism  when 
we  discuss  solutions  to  Laplace's  equation.  In  fact,  these  specific  examples  aid  stu- 
dents in  developing  an  intuitive  understanding  of  formal  differential  equations. 
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After  we  have  covered  the  numerical  technique  in  class,  we  introduce  each  pro- 
gram to  students  with  a  lecture  demonstration  using  a  video  projector  onto  a  high- 
contrast  screen.  We  cover  several  specific  examples.  Then  students  have  to  answer 
one  or  two  pfobienis  in  each  wcddy  problem  set  (out  of  a  total  of  about  eight)  by 
using  the  software.  Students  can  complete  these  problems  by  checking  out  the  soft- 
ware for  two-hour  sessions  either  at  the  physics  department  library,  which  main- 
tains a  cluster  of  four  Macintosh  computers,  or  the  central  undei^aduate  library, 
whicK  maintains  a  40-Macinlosh  cluster,  or  by  purchasing  the  software  and  using 
their  own  Macintoshes.  The  solution  handed  in  by  the  student  comprises  a  comput- 
er printout  and  a  written  discussion  of  its  signiflcance.  The  questions  typically  con- 
tain a  first  part  that  students  can  solve  analytically  and  check  against  the 
simulation,  and  a  second  pan  that  is  beyond  the  arialytic  scope  of  the  class  but  can 
be  solved  numerically.  For  this  second  type  of  question,  we  typically  ask  students 
to  explain  the  qualitativp  behavior  based  on  inequalities  derived  from  the  analytic 
formulations.  We  have  used  many  of  these  programs  in  the  advanced  freshman 
physics  classes  for  nearly  two  years. 

In  addition,  these  programs  have  proven  useful  for  introducing  physical  con- 
cq)ts  to  nontechnk:al  audiences,  such  as  students  in  the  Physiss  for  Poet<?  course, 
which  requires  a  minimu.n  of  mathematical  sq)histication.  We  use  computer  simu- 
lations to  present  the  solutions  to  mathematical  equations.  We  then  discuss  these 
solutions  m  qualitauve  terms.  We  believe  that  this  application  for  the  simulations 
will  become  more  important  We  are  developing  student  exercises  geared  to  these 
less  technical  uses. 


Conclusions 

Inexpensive  microcomputers  are  now  sufficiently  powerful  to  be  very  useful  teach- 
ing aids  in  elementary  physics  classes.  Physics  Simulations  is  a  series  of  such 
teaching  aids  that  can  be  used  over  a  wide  range  of  introductory  physics  courses  at 
the  college  and  high-school  levels.  For  the  instructor,  these  simulations  provide 
easier-to-follow  alternatives  and  supplements  to  traditional  classroom  demonstra- 
tions. After  introducing  the  program  m  class  as  a  demonsuaiion.  instructors  can 
assign  follow-up  homework  problems.  Students  ca.i  then  investigate  the  structure 
of  these  physical  models  in  an  interactive  environment,  even  though  the  mathemat- 
ical sophistication  of  the  models  is  often  beyond  their  grasp. 

The  devclopmeni  of  this  software,  always  a  lime-consuming  effort,  would  not  have  been 
possible  over  these  last  two  years  without  substantial  contributions  from  the  Faculty  Author 
Development  program  at  Stanford  University  (supported  through  an  Apple  Corporation 
grant).  Programming  support  was  provided  through  FAD  by  Sha  Xin  Wei  ("Keppler," 
"Einstein,"  "Laplace,"  "Gas"  and  "Ginzburg"),  Jim  Terman  ("Ballastic,"  "^Mential/ 
"Oscillator,"  "RadiaUon,"  "Monopole,"  "Brownian,"  "Wave,"  "Fourier,"  "Hydrogen," 
"Transition"  and  "Diffraction"),  Daniel  Schrocder  ("Einstein"),  Donald  Geddis 
("Coulomb**)  and  Dian  Yang  ("Ampere").  These  applications  were  written  in  Pascal  and 
compiled  using  the  Macintosh  Workshop  environment.  Early  contributions  from  Brian 
Penprase  were  also  important  Needed  support  and  encouragement  has  been  provided  con- 
tinuously by  the  FAD  staff,  including  Michael  Carter,  Ed  McGuigan,  Barbara  Jasinski,  Tom 
^    Malloy,  and  Stuart  Crawford. 
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1.  Mecfianks,  Ekctromagnetisnu  and  Modem  Physics  were  developed  by  Bias  Cabrera 
and  the  FaculQr  Author  Development  Frognun  at  Stmford  University  for  use  with  the 
Macintosh  computer.  The  three  software  packages  are  available  separately  from 
Kinko's  Academic  Courseware  Exdiange  (a  service  of  Kinko's  Cbpies),  4141  State 
Street,  Sanu  Barbara,  CA  93110  (telephone:  (800)  235-6919  or  in  California,  (800) 
292-6640). 
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Continuous  or  Discrete? 

When  Galileo  studied  the  laws  of  free  fall  by  dropping  stones  from  the  Leariing 
Tower  of  Pisa,  he  counted  time  by  his  heart  beats.  As  the  stones  dropped,  he 
noticed  that  less  and  less  time  was  needed  for  the  stone  to  reach  the  next  lower 
flocK*.  He  explained  this  phencmienon  in  the  following  way:  something  gives  small 
kicks  F  to  the  foiling  stone  causing  its  speed  v  to  increase: 

(f+l)  =  v(0  +  F.  (1) 

Haifa  century  later,  Newton  made  a  difTerential  equation  from  Galileo's  idea: 

(fix/dt^  =  F.  (2) 

Newton  described  free  fall  (without  or  with  air  rr --^stance)  as  dv/dt  =  g  or  dv/dt 
=  g-kv^-  The  analytical  solutions  of  these  equations  could  be  obtained  by  evaluat- 
ing integral: 

v-gt  or  v-iglk  tanh(V^O' 

In  more  realistic  problems,  however,  such  an  elementary  analytic  solution  does 
not  exist  Let  us  consider  a  pendulum  with  air  resistance  dP'ipldfi  -  -  {git)  sin  <p  - 
kl  {d(p/dt)^.  In  order  to  force  an  elementary  analytical  solution  (for  blackboard  use) 
we  truncate  this  differential  equation  to  a  linear  one  by  brute  force:  (fiipldt^  +  kl 
d(p/dt  +  (g/l)(p  =  0,  which  leads  us  to  the  usual  analytical  formula 


<p=A  exp  (- kl  t  P)  sin  {i{g /  [)-(kl  / 4)  t  +  B). 

Education  has  gotten  used  to  offering  a  sterile  linear  worid  picture,  but  wc  lose  a 
lot  by  such  linearization  and  oversimplification. 

The  advent  of  microcomputers  has  eliminated  the  need  for  such  simplificatirn. 
Microcomputer  clocks  woric  in  discrete  ticks  (in  microseconds).  If  the  coordinates 
of  a  mass  point  at  the  limes  /-I,  /,  t-^l  are  jc(/-1),  jt(0,  Jt(r+1),  then  the  average  val- 
^  les  of  speed  in  the  time  intervals      /  and    /+1  are  v(r-l/2)  =  x{')  -  ;c(r-l), 
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v(r+l/2)  =jt(/+l)  -  jc(0.  Therefore  we  can  estimate  the  acceleration  at  time  t  as  a(t) 
=  v(r+l/2)  -  v(r-l/2)  =  x(r+l)  -  2x(i)  +  x(r-l).  Let  us  assume  that  we  know  the 
explicit  force  function  a  =  Fix].  In  this  case  we  can  write  Jt(r+1)  -  2x(t)  +  x{t-\)  = 
F[x(t)].  Thus  we  can  calculate  the  future  location  of  the  body  from  its  present  and 
past: 


By  choosing  a  small  enough  unit  ot  time  (if  the  frequency  of  ticks  is  high 
enou^)  can  integrate  the  Newtonian  differential  equation  (2)  as  accurately  as 
we  wish  (or  the  speed  and  capacity  of  our  computer  allow  us  to  do)  for  any  force 
function  f[jc]. 

When  the  raindrop  starts  falling,  it  certainly  does  not  look  at  the  integral 


and  say:  "Aha,  I  remember!  Its  primitive  solution  «s  the  area  of  the  hyperbolic  tan- 
gent!"* in  order  to  Ond  out  how  to  increase  its  opeed  while  falling.  As  physics  sees 
it,  nature  worics  more  in  the  way  of  equatica  (1)  and  equation  (3). 

If  one  takes  quantum  mechanics  into  account  as  well,  one  may  say  that  a  stone 
in  Earth's  gravitational  Held  has  discrr^te  quantuh^  states  (discrete  eneigy  levels) 
and  the  classically  continuous  trajectory  of  a  "ma^':  point"  is  an  (acceptable) 
approximation.  John  von  Neumann  has  :aid  that  "the  continuity  that  we  observe 
everywhere  in  the  macroscopic  world  is  the  i;:^isleading  outcome  of  averaging  in  a 
world  which  is  discontinuous  according  to  its  inherent  nature.** 

We  used  to  describe  the  manifold  of  discrete  atoms  with  a  continuous  variable, 
as  in  the  case  of  radioactive  decay:  dN/dt  =  -kN,  giving  N(t)  =  N(0)  exp  (-  kt).  We 
still  describe  population  curves  with  smooth  lines  (in  spite  of  the  fact  that  popula- 
tion can  change  only  by  discrete  numbers).  We  forget  that  our  heritage  is  inscribed 
in  DNA  molecules  by  an  integer  of  bits,  that  our  body  is  made  of  an  integer  of 
cells,  that  our  heart  beats  once  a  second,  that  our  thinking  happens  in  discrete  space 
time  (by  firings  of  neurons).  We  approximate  integers  by  continuous  variables  in 
order  to  be  able  to  describe  physical  laws  with  analytical  formulas  such  as  (2). 
Nowadays,  we  solve  these  (mostly  nonlinear)  differential  equations  by  approxima- 
tive methods  such  as  (3)  in  the  discrete  space  time  of  the  computer.  Is  the  "devia- 
Uon" 


a  necessity?  Or  is  the  differential  calculus  (and  all  those  analytical  functions  of 
continuous  variables)  just  the  product  of  Newton*s  efforts  before  the  arrival  of  the 
computer  era  to  compute  how  things  move. 

This  seems  to  be  a  good  question,  but  it  is  not  so  deep  as  it  locl.s.  Continuum 
models — like  space  time  and  differential  equations  of  motion — arc  useful  models 
of  reality,  just  as  discrete  models— atoms,  cells,  species — are.  Which  model  is 
more  impropriate  depends  upon  what  we  are  aiming  at.  But  if  we  decide  to  begin 
Q  with  a  discrete  model,  let  us  put  it  direcdy  into  our  discrete  computer. 


x(f+l)  =  2x(0   Flx(t)]^  x{t-\). 


(3) 


discrete  reality  ->  continuous  model  ->  discrete  computer 
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The  modem  world  has  discrete  space  time.  Our  digital  watches,  our  computers,  our 
movie  projectors  and  our  television  sets  count  time  by  licks.  The  telcviiiion  screen, 
the  photo  film,  and  the  moving  picture  depict  space  by  discrete  spectra.  This  digital 
technology  enaUes  us  to  handle  information  free  of  dissipation  losses. 

Two  extraordinary  mathematical  talents  of  the  twentieth  century,  Stanislav 
Ulam  and  John  von  Neumann,  have  introduced  the  concept  of  cellular  automata.  I 
am  convinced  that  in  the  era  of  television,  video  games,  and  computers,  cellular 
automata  may  offer  educational  advantages  worth  exploring.  They  are  less 
abstract,  more  concrete  and  visual — like  the  thinking  of  teenagers.  You  are  now 
invited  to  explore  this  discrete  universe. 

Ulam  and  von  Neumann  had  their  roots  in  central  Eastern  Europe  but  they 
worfced  for  the  Manhattan  Project  in  the  United  Slates  during  World  War  II.  Both 
of  them  had  access  to  the  first  elecuronic  computers.  Stanislav  Ulam  enjoyed  gen- 
erating beautiful  patterns  by  simple  recursive  rules  (e.g.  "Symmetry"  on  the 
Games  Nature  Plays^  diskette  for  the  Apple  II),  thus  imitating  crystal  growth.  Von 
Neumann  dared  to  raise  more  provocative  questions.  He  became  increasingly  wor- 
ried by  the  fact  that  in  the  computer — built  fro^n  thousands  of  vacuum  electron 
tubes — almost  one  tube  a  minute  buined  out  The  search  for  the  spoiled  tube  and 
its  replacement  consumed  more  time  than  the  useful  running  time  of  the  computer. 
He  began  to  wonder  why  a  living  organism — even  the  human  brain — is  able  to 
woric  well  for  decades,  in  spite  of  the  fact  that  some  of  its  cells  die  every  minute. 
He  started  using  computer-oriented  cellular  models  to  investigate  some  ba^ic  prop- 
erties of  life. 

The  space  of  a  cellular  automaton  is  like  a  huge  checkerboard,  a  two-dimen- 
sional array  of  squares  called  cells — like  the  monitor  screen.  A  state  of  the  cellular 
automaton  is  characterized  by  the  states  of  its  cells.  A  cell  may  have  a  flnite  num- 
ber of  (quantum)  slates  like  the  set  of  colors  on  the  screen.  In  the  simplest  cases  a 
cell  may  be  dead  (off,  black)  or  alive  (on,  bright).  Time  passes  in  finite  units  (ticks, 
beats,  generations). 

The  state  of  a  cell  in  the  next  generation  depends  only  upon  the  state  of  its 
immediate  environment  in  the  present  generation,  according  to  a  sin.ple  determin- 
istic law.  That  is,  it  may  be  influenced  by  the  present  slates  of  its  four  immediate 
neighbors: 

Cij(/+1)  =  f  [Ci-l  j(0.  Ci  j~l(0.  Ci+1  j(0.  Ci  j+l(r)l.  (4) 

(Q=quart-type  environment.)  The  law  may  be  as  simple  as  this: 
Cj  j  =  0  or  1  for  each  cell, 
Cj  j(/+l)  =  0  if  Ci.i  jv'0+Cij.i(0+Ci+i  j(r)+C,j^i(0  =  even, 
Cij(r+1)=  1  ifCi.ij(0+Cij.i(0+Ci,ij(0+Cij,i(0  =  odd. 

(See  "Reproduction*'  on  the  Games  Nature  Plays  diskette  or  "Q13**  on  the 
Cellular  Automata^  diskette.)  Simply  said,  c  cell  will  live  if  there  is  now  an  odd 
number  of  live  cells  in  its  environment  The  cell  will  die  if  there  is  an  even  number 
^    of  live  cells  around  it  (this  law  was  introduced  by  Ed  Frcdkin  at  MIT).  Even  this 
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simple  law  has  difFerent  visualizations.  We  may  consider  it  to  be  a  simple  model  of 
elementary  wave  propagation: 


We  can  add  of  a  sort  of  interference:  two  waves  may  annihilate  each  other  by 
interference: 


This  law  offers  a  manifestation  of  the  superposition  principle.  The  law  can  be 
reformulated  in  this  way:  Imagine  an  array  of  Petri  dishes.  We  put  an  amoeba  in 
some  of  the  dishes.  In  the  next  generation  each  amoeba  produces  four  offspring  in 
the  four  neighboring  dishes  and  itself  dies.  Each  dish  contains  indicator  dye  that 
becomes  colored  if  there  is  an  odd  number  of  amoebas  in  the  dish  but  becomes 
invisible  if  the  number  is  even  (different  amoeba  families  coexist,  they  do  not 
influence  each  other). 

Von  Neumann  in  1948  created  a  more  sophisticated  system  to  show  that  the 
behavior  of  atoms  may  be  described  by  simple  laws,  but  appropriate  ensembles  of 
these  atoms  can  realize  an  organism  that  is  able  to  make  its  own  rq)lica.  In  his 
classical  pap&r  he  introduces  a  cellular  automaton  in  which  the  atoms  have  twenty 
29  states  29  different  colors  on  the  screen).  The  state  of  an  atom  in  the  next  genera- 
tion is  influenced  by  the  state  of  the  atom  and  the  states  of  its  four  immediate 
neighbors  in  the  present  generation.  (**V**  environment,  "V**  for  \fon  Neumann  and 
for  s/o  in  Latin.)  These  laws  are  rather  sophisticated.  Von  Neumann  has 
proved  in  this  special  case  that  self-replication  is  possible  if  one  takes  enough 
atoms. 

Von  Neumann's  organism  has  been  constructed  of  two  parts.  There  is  a  tape  (a 
linear  sequence  of  colored  atoms)  that  carries  a  Hnite  amount  of  information,  (we 
would  now  call  it  software.  The  tape  contains  a  machine  (a  sophisticated  arrange- 
ment of  atoms),  that  uses  an  arm  to  read  the  message  written  in  the  tape  and  anoth- 
er arm  to  place  an  atom  to  the  appropriate  square  of  the  screen.  We  would  now  call 
this  hardware.  If  the  tape  carries  the  instruction  to  produce  a  replica  of  the 
machine,  and  to  copy  the  tape,  this  arrangement  will  be  able  to  produce  a  perfect 
copy  of  itself.  Later  cn  the  copy  can  make  a  new  copy,  and  so  on. 

 r 
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Watson  and  Crick  discovered  the  molecular  base  of  life  in  1955,  seven  years 
after  Von  Neumann's  self-reproducing  automaton— the  genetic  nformation  of  a 
living  organism.  It  is  carried  in  the  DNA  molecular  chain  (the  software).  This  mes- 
sage is  copied  by  a  system  of  enzyme  molecules  (the  hardware).  The  main  part  of 
the  genetic  information  is  a  blueprint  for  the  enzyme  molecules. 

Von  Neumann  gave  a  mathematical  proof  for  the  possibility  of  such  a  self- 
reproducing  machine,  but  he  did  not  implement  it  in  a  specific  program  oiifa  com- 
puter. It  is  too  complex  even  fc  r  the  computers  of  today.  But  Fredkfn^auiotoiaton 
offers  a  simplified  version  of  self-rq)lication.  If  you  start  with  any  pattern;  the ^e 
"Reproduction''  will  produce  four  or  16  or  64  replicas  of  this  pattern  on  the^scr^n 
after  a  sufficient  number  of  generations. 

Fredkin*$  model  is  oversimplified;  in  some  sense  it  is  linear  approximation. 
Two  patterns  may  produce  transient  interference,  but  they  do  noi  iifluence  each 
other  in  the  long  run.  The  cellular  models  that  are  interesting  enough  are  essential- 
ly nonlinear. 

Conway's  Game  of  Life 

John  Horton  Conway  of  Cambridge  University  had  the  intention  to  create  a  cellular 
automaton  with  the  following  properties: 

1 .  the  laws  of  the  game  are  simple; 

2.  mostjunk  configurations  disappear  soon; 

3.  some  structures  survive; 

4.  some  structures  perform  unexpected  evolution. 

In  Conway's  Game  of  Life  each  cell  is  either  dead  (empty)  or  live  (full).  Its  fate 
is  influenced  by  its  state  and  by  the  states  of  its  four  neighbcM-s: 

Law  I.    Birth:  a  cell  will  be  bom  if  the  empty  place  has  three  neighbors. 
Law  n.   Survival:  a  live  cell  wi^  >urvive  to  the  next  generauon  if  it  has  two  or 
three  neighbors. 

Law  ni.  Death:  a  live  cell  will  die  (of  isolation)  if  it  has  fewer  than  two  neighbors 
or  it  will  die  (of  suffocation)  if  it  has  more  than  three  neighbors. 

You  may  try  the  fate  of  some  three-cell  configurations  with  three  buttons  on  a 
chessboard: 


extinction 


stabilization 


periodicity 
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An  important  simple  structure  is  the  glider,  made  of  five  cells.  It  pcrfonns  loco- 
motion  diagonally  across  the  screen  with  1/4  of  the  **speed  of  light"  (which  is 
equal  to  unity,  the  maximum  speed  on  screen). 


the  glider 


This  cellular  automaton  has  become  an  all-time  favorite.  It  is  played  on  thou- 
sands of  computers  (costing  milliorj  of  dollars,  according  to  Time  magazine). 
Young  hackers  compete  in  making  faster  and  more  extended  versions  of  it. 
Thousands  of  people  explore  the  strange  world  of  **Life."  Books  describe  the 
**physk;s*'  and  ^'biology**  and  "technology**  of  this  nonlinear  universe.  (The  excel- 
lent book  The  Recursive  Universe^  is  fully  devoted  to  the  exploration  of  the  ••Life" 
environment*  Some  simple  but  interesting  creatures  are  described  in  th^  book 
Games  Nature  Plays.^)  On  the  Apple  II  diskette  Games  Nature  Plays  you  find  the 
code  f<^  Xife,**  e.g.  how  a  tissue  (type  4)  can  heal  a  wound  (type  28, 20)  or  how 
the  tissue  may  die  like  a  tumor  due  to  a  mi^laced  cell  (type  29, 20).  It  «s  worth 
experimenting  with  an  initial  state  of  randomly  distributed  cells  (type  2).  Some 
junk  dies  away,  but  some  structures  stabilize,  propagate,  and  interact  The  interest- 
ing feature  of  '7.ife**  is  that  favorable  initial  patterns  lead  to  unlimited  spreading  of 
cells,  e.g.  13  colliding  gliders  make  a  "mother**  (type  3),  which  produces  new  glid- 
ers that  fly  away  in  infinite  sequence.  (The  Cellular  Automata  diskettes  offers  fast 
versions  of  *TLifc.**) 

With  the  help  of  gliders  one  can  send  signals  across  the  screen.  The  uajectory 
of  these  signals  can  be  interrupted  by  blocks;  the  simultaneous  input  of  two  gliders 
can  be  processed  by  appropriate  gates.  Conway  has  shown  that  one  can  build  NO, 
AND,  OR,  NAND,  and  NOR  gates  in  the  world  of  '•Life.**  (Sec  Conway's  book 
The  Winning  Ways.^)  In  this  two-dimensional  world  even  high  technology  can  be 
developed:  universal  computer  can  be  constructed. 

The  universe  of  "Life**  is  far  from  being  completely  explored.  With  its  simple 
nonlinear  laws  and  with  its  unexpected  behavior,  it  is  an  amazing  model  of  our  leal 
world. 


Phase  Transition 

We  can  exptore  populating  problems  by  taking  the  "Life"  screen  and  scattering 
cells  randomly  onto  it  to  cover  a  givwi  percentage  /*  of  the  screen.  (For  the  "Life" 
on  the  Cellular  Automata  diskettes  we  can  fabricate  an)n>priate  initial  states  by  the 
''percent**  code.)  If  P  is  small  initially,  junk  dies  away  (by  isolation)  and  later  the 
screen  gets  rather  empty.  If  P  is  very  high,  most  cells  will  die  again  (by  suffoca- 
tion). What  is  the  q)timum  initial  percentage  P  leading  to  the  most  survivors  in  the 
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long  run?  If  we  experiment  wilh  ihis  problem  wc  begin  to  understand  the  present 
problems  of  our  globe  a  bit  belter. 

Such  ^'population  problems*"  can  be  treated  with  a  wide  class  of  cellular 
automata  introduced  in  the  computer  science  lab  of  MIT  under  the  name 
"Majority.**  (Sec  "Majority**  on  the  Apple  II  diskette  Games  Nature  Plays, 
"Additive  Law**  on  the  Cellular  Automata  diskettes,)  The  law  of  these  games  is  of 
the  type 

Cell  (/+!)  =  f  [Environment  (0). 
There  are  diffen  u  options  for  the  environment: 


WAV/A////. 

H 

mo  ^ 

n 

'm  V 

W/^y/A/WA 
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Q  (quatic=4  in  French):  4  neighbors; 

y  (Von  Neumann):  5  (4  neighbors  +  ccnural  cell); 

H  (huit^^  in  French):  8  neighbors; 

M  (Mooie  environment):  9  (8  neighbors  +  cenural  cell). 

The  fate  of  any  square  in  the  next  generation  depends  only  on  the  number  of 
present  live  cells  in  the  environment  of  this  square.  Eg.  "Q13**  means  Fredkin*s 
Law:  we  shall  have  a  live  cell  on  the  square  in  the  next  generation  if  and  only  if  the 
number  of  live  cells  is  one  or  three  in  the  four  (Q)  neighboring  squares. 

Let  us  consider  the  MS6789  automaton  (we  type  MS6789  when  we  select  the 
•'Additive**  law  of  the  game  on  the  Cellular  Auiormta  diskette).  We  fill  P  percent- 
age of  the  squar«»  randomly  using  the  "percent**  option  for  initial  state.  If  P  is 
small,  isolated  cells  perish.  Connected  formations  fill  up  the  concavities  and  gci  rid 
of  sharp  comers.  (A  cell  will  survive  for  the  next  generation  if  and  only  if  it  has  at 
least  four  neighbors,  offering  a  model  for  surface  tension.) 

M456789  is  interesting  as  well:  Convex  droplets  stabilize,  and  their  growth 
Slops  (phase  0).  If,  however,  P  is  larger  than  Pq^  0.25,  capillary  action  makes 
independent  droplets  fuse  by  coalescence,  filling  the  whole  field  with  live  cells 
d^iase  1).  Th!s  automaton  imitates  the  condensation  of  droplet"*  from  supersaturat- 
ed vapor.  The  fate  of  a  small  high*density  region  in  an  extended  low-density  region 
(making  average  P<Pq)is  worth  our  specific  investigation.  Pq  is  called  the  spin- 
odal  point  in  the  theory  of  phase  transitions. 


EmmmMmmwM 
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capillarity 


In  the  case  of  the  Q234  aunmaton  Pq  =  0.133,  for  the  V2345  Pq  =  0.0822  and 
for  the  H45678  Pq  =  0.333.  These  critical  values  have  been  obtained  by  computer 
experimentation;  no  one  was  able  to  derive  them  by  theorctxal  (analytical)  meth- 
ods. 
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Percolation 

By  compressing  a  mixture  of  metallic  and  insulator  grains  we  can  make  a  solid 
block.  Then  we  can  connect  the  two  q[)posile  faces  to  a  voltage.  If  metallic  grains 
touch  each  other  in  a  continuous  chain*  the  block  behaves  like  a  condiK:tor.  If  they 
are  interrupted,  the  block  is  an  insulator.  Thus  we  can  ury  to  find  the  criucal  metal 
percentage  Pq.  (Sec  the  "Forest  Fire/Woods**  programs  on  the  Games  Natures 
Plays  diskettes.)  This  phenomenon  is  called  percolation,  coined  from  the  name  of 
the  coffee  machine  (which  has  been  stuffed  with  coffee  so  the  hot  water  can  come 
through).  Percolation  is  a  subject  of  active  research  in  materials  science. 

Several  cellular  automata  show  the  phenomenon  of  percolation  after  a  transient 
"rccrysiallization**  period:  V345  with  Pq  =  0.500.  M546789  wiih    =  0.500. 


Reversible  Cellular  Automata 

The  laws  of  games  mentioned  above  aie  irreversible  in  time. 

Cij(/^l)  =  FIC„vironmcni(0)  (5) 

corresponds  to  f*   iiffusion  equation 

^/A  =  DV2c,  (6) 

which  leads  to  irreversible  phcnoh'jcna.  For  example,  in  the  game  of  "Life"  small 
fragments  disappear.  From  the  obtained  emptiness  one  cannot  reconstruct  the  scat- 
tered live  cells.  One  can  say  that  in  "Life**  and  in  other  irreversible  cellular  automa- 
ta th^^  is  an  entropy  sink  that  helps  in  the  fonnation  of  sensible  structures. 

The  laws  of  microphysics  are,  however,  reversible  in  time.  Let  us  sec,  for 
example,  'jkj  "Reverse**  model  on  the  Apple  II  diskeiic  Giunes  Nature  Plays.  Here 
a  special  'aw  describes  the  fate  of  2*2  blocks: 
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Wc  can  take  also  the  rotated  paucr.is  into  account  in  the  same  way.  The  tuck  is 
that  the  2*2  block  network  is  different  in  even  and  in  odd  generations,  respective- 
ly: 
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In  this      we  can  model  inenial  locomotion  and  collision  of  billiard  balls. 
This  law  is  leversiUe.  If  one  omits  an  odd  goimtion,  ix.  if  one  ta^ 
eiation  after  an  even  geneiation,  the  baU  b^ins  to  ndl  backwards! 


tiseven  tisevenagain 

With  this  •Reverse**  model  we  can  watch  how  the  second  law  of  ther  Jiodynam* 
ics  wofks  in  the  worid.  We  begin  with  a  ample  pattern  (like  the  chaiacier  E,  type 
P).  If  we  let  its  eight  atoms  roll  on  the  screen  for  ten  to  2X)  generations,  the  pattern 
decays.  If  we  stop  the  pattern  and  reverse  the  direction  of  time  (type  T!),  we  expe- 
rience a  movie  played  backward:  the  pattern  E  will  be  restored 

Since  the  second  law  of  theimo(fynamics  is  of  statistical  origin,  it  is  better  to 
study  this  law  m  the  Cettular  Automata  didceties  where  we  may  get  better  statis- 
tics* An  irreversible  law  can  be  made  reversible  by  the  simple  tri;.k  of  adding  a 
new  term. 

Cij(/+1)  =  FlCenviiounemWl  -  Ci,(/-1).  (7) 

This  can  easily  be  reversed:  Cj^t-l)  =  F[Ce„viroiHneri(0]  -  The  new 

term  makes  a  second-order  equation  (7)  ou!  of  the  Orst  order  equation  (5).  We  can 
see  that  the  Newtonian  equation  (3)  is  of  the  same  type  as  (7):  xit-^i)  =  (2  x  (/) 
Fl^iO)]  -x{t-l).  Equation  (S)  is  a  discrete  nKxIel  and  equation  (6)  is  a  continuous 
model  of  an  irreversible  world;  to  calculate  C(/+l)  the  requested  initial  condition  is 
C{t)  in  case  of  equations  (S-7)  is  a  discrete  model,  equation  (2)  is  a  continuous 
model  of  a  reversible  world;  to  calculate  C(/+l)  the  requested  initir*  conditions  are 
C(/)  and  C(M). 

The  computer  is  able  to  demonstrate  how  ineversibility  operates  in  the  maao- 
scopic  world  in  spite  of  the  fact  that  the  laws  in  the  microscopic  world  are 
reversible.  If  we  load  the  initial  s»ate  "PicEinstein"  or  "Piclion**  from  the 
Cellular  Automata  diskette  intl  choose  the  law  "Reversible  repn)duction('>-)*'  on 
the  Apple  n  or  prograr^  R13  ^  ^  t.ie  IBM  PC  diskette  (this  is  Fredkin*s  Q13,  made 
reversible  by  the  extra  ter..t  %  f  [;}  we  can  run  ten  generations.  When  nothing 
changes  anynuHe  (ten  gen'  «ations  have  passed),  if  we  press  "escape"  on  the  Apple 
n  C*R**  on  IBM),  the  computer  will  ask:  "Giange  of  time  direction?"  If  we  answer 
"Y(es).  CONTINUE,-  even/odd  generation  pictures  will  be  exchanged,  which 
means  that  the  movie  will  run  backward.  Einstein's  face  (or  the  Iion*s  body)  will 
build  up  L^n. 

In  the  AND  gate  there  are  two  inputs  and  one  output  (A  and  B-^.  Common 
logical  lose  information,  and  therefore  their  use  increases  the  entropy  in  the 
con  puter.  To  get  rid  of  it,  computers  emit  heat,  and  therefore  they  consume  elec- 
tric-free energy.  This  energy  consumption  can  be  decreased  by  using  ?.  reversible 
logical  gates.  Nomum  Margolus  has  proven  that  in  the  "Reverse"  automaton  the 
rolling  balls  can  transfer  information.  We  can  construct  RAND  and  ROR 
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(leversible  AND  and  reversible  OR)  gates  in  this  model  (by  using  much  laiger 
screen).  In  the  two-dimensional  univer»  o[  reversible  cellular  automata  we  can 
coQStiuct  dis$!pation-free  technology.  No  wonden  digital  data  processing  knows 
ofdy  yesfiao  stales;  sBgbt  dissipative  changes  sst  not  tolerated.  Loss  of  information 
can  be  avoided.  Therefore  digital  electronics  is  more  powerful  in  computation  and 
audiorecording  than  analog  electronics. 

Stochastic  Cellular  Automata 

Fandanaental  ;>artide$  and  atoms  obey  laws  of  motion  that  are  reversible  to  a  very 
hi^  degree  of  accuracy.  But  due  to  the  (almost)  continuous  q)ectrum  of  states,  dis- 
sq»tive  phenonieDa  occur  on  a  large  scale.  Larger  "cells"  (like  atoms  in  a  crystal, 
coupled  to  invisible  photon  or  phonon  fields;  dust  grains  performing  a  random 
walk  because  of  collisions  of  invisible  air  molecules;  'urons  of  the  brain  subject- 
ed to  thermal  fluctuations)  may  behave  according  to  ''digital''  patterns,  their  laws 
of  motion  may  contain  dissipative  tendencies.  This  is  why  the  deterministic  but 
irreversible  rules  of  the  popular  cellular  automata  (like  "Life'O  can  be  used  to 
reflect  reality.  And  this  is  why  randomness  is  tolerated  in  the  more  relaxed  rules  of 
some  scientific  simulations.  (See  "Random  Walk,"  "Vacancy,**  "Domain,** 
"Struggle,"  "Shark,**  "Survival**  on  the  Games  Nature  Plays  diskette.)  The  compu- 
tational possibilities  of  deterministic  and  stochastic  cellular  automata  are  far  from 
being  exhausted. 

Parallel  Processing 

In  nature,  events  h^pen  simultaneously  in  each  space  point:  all  the  atoms  interact 
and  accelerate.  In  the  \6n  Neumann  computer  the  central  processor  decides  about 
each  change  in  a  deterministic  time  sequence.  It  has  to  scan  the  dots  of  the  whole 
screen,  one  after  the  othcn  this  makes  the  screen  simulation  of  varying  fields  very 
slow.  Nowadays  there  is  a  tendency  to  build  computers  that  work  with  sevcial  pro- 
cessors. These  enable  the  parallel  evaluation  of  the  fote  of  each  "cell,**  (at  least 
each  group  of  cells).  That  means  an  enormous  gain  in  the  speed  of  computation. 
These  computers  often  are  called  "non-Von-Neumann-computers  "  even  though  the 
idea  for  them  appeared  first  in  Von  Neumann  *s  p^rs. 

Cellular  automata  are  mathematical  models  for  parallel  processing:  time  ticks 
simultaneously  at  each  square.  Therefore  they  offer  a  good  analogy  for  the  parallel 
processcKS  of  modem  computers.  Actual  microcomputer  codes  of  cellular  automata 
are  not  yet  parallel  processing,  but  if  they  are  speedy  enough,  they  give  the  impres- 
sion of  parallel  evaluation.  Thus  these  codes  educate  our  mental  vision  to  under- 
stand how  nature  works. 

The  first  high  speed  card  for  IBM  PC  was  constructed  by  T.  Toffoli  and  others  at  MIT. 
**CAM— A  High-Performance  Aulomalon,"  Physics  lOD.  195  (1984).  It  uses  the  pipeline 
architecture  to  economize  the  work  of  the  central  processor.  Pipeline  firmware  has  been 
ad^qjted  to  the  software  of  common  microcomputers  by  Zsolt  Frci  and  Andrew  Juhasz  and  is 
^    sed  on  the  Cellular  Automata  diske'^^^s.  The  author  is  indebted  to  Gerard  Vichniac  for  dis- 
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Animation  in  Physics  Teaching 

Eric  T  Lane 

Department  of  Physics  and  Astronomy,  University  of  Tennessee  at  Chattanooga, 
Chattanooga,  TN  37403-2598 


In  the  laboratory,  animated  simulations  on  the  microcomputer  case  the  burden  on 
students  to  grasp  difficult  concepts  in  experiments.  They  allow  students  to  simulate 
experiments  that  are  too  expensive,  too  delicate,  or  too  dangerous  to  do  in  real  life. 
Microcomputers  should  complement  the  usual  laborator>  offerings  rather  than 
replace  them. 

Like  the  simulators  that  airlines  used  to  train  airline  pilots,  the  microcomputer 
allows  simulations  of  difficult  experiments  to  save  us  time,  effort,  and  money  in 
doing  more  and  better  experiments.  As  a  result,  the  students*  laboratory  experience 
will  improve  significantly  at  a  fraction  of  the  cost  that  would  otherwise  be  neces- 
sary. 

High>quality,  interactive  simulations  have  to  be  written  in  machine  language 
today.  The  fast  pace  of  computer  development  means  that  anyone  will  soon  be  able 
to  write  these  simulations  in  high-level  languages.  This  paper  presents  some  of  the 
techniques  used  to  generate  elementary  simulations  of  vaves  and  particle  motion. 
It  also  discusses  some  possible  simulations  for  physics  and  science  teaching. 

Why  Simulation? 

If  a  picture  is  worth  a  thousand  words,  then  a  dynamic  animation  may  well  be 
worth  a  thousand  pictures.  Dynamic,  interactive  presentations  make  difficult  con- 
cepts easy  for  people  to  see,  to  use.  and  to  understand. 

One  can  tell  students  all  about  wavelength,  amplitude,  and  phase  of  a  wave. 
And  these  concepts  can  be  illustrated  with  diagrams.  But  the  concepts  of  wave 
speed,  frequency,  period,  and  many  other  dynamic  concepts  requires  direct,  mov- 
ing experience  for  most  people  to  understand  easily.*  Ordinarily  experiments  in  the 
laboratory  or  experiences  in  everyday  life  provide  ih  necessar)'  background  for 
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undcfsianding  these  and  other  dynamic  concepts.  But  loo  often,  students  miss  the 
necessary  observations  because  they  don't  know  what  to  took  for. 

We  can  diagram  the  idea  that  a  standing  wave  can  be  thought  of  as  the  linear 
sum  of  two  traveling  waves  gouig  in  qjposite  directions.  bu»  niost  students  fail  to 
sec  tho  connection  from  the  sdll  picture.  Yet  an  animated  prefjcntajion  makes  ihe 
traveling  waves  ^/  to  see  and  the  two-wave  addition  i$  clear  almos.  immediately. 

The  exponential  decrease  of  the  number  of  particles  with  height  in  a  gravita- 
tional fieid  shows  the  bmc  idea  of  the  Boltzmaa  energy  distritwaon.  Diagram;*  and 
still  pictures  rncoui:  ge  students  to  assume  that  once  the  particles  are  in  position, 
they  niust  stay  there  to  maintain  the  exponential  distribution.  Only  a  dynamic  pre- 
sentalion  can  show  the  active  change  in  position  of  each  of  tlie  particles  as  ihey 
moveindq)endentiy  of  all  the  others  while  retaining  the  exponential  distribution. 

The  old  Bohr  model  of  the  atom  is  used  to  illustrate  the  wave  nature  of  the  elec- 
tron around  the  nucleus  in  an  a^om.  When  I  first  started  teaching  science  and  mod- 
er  physics,  I  wanted  to  snow  the  dynamic  properties  of  this  wave.  This  desire  was 
oi.  of  the  driving  forces  in  my  efforts  to  animate  science  concepts.  The  Apple  II 
microcomputer  was  th5  first  to  allow  sufficient  graphics  resolution  with  reasonable 
speed  at  a  low  enough  price  to  make  such  animations  possible. 

Prospects 

Recently  it  has  been  slated  that  there  is  no  place  for  the  "teacher  developer "  that 
we  should  let  the  professionals  handle  it  all.  Yet  I  submit  that  the  professionals 
must  follow  the  market  Rarely  do  they  provide  really  new,  innovative  soJtwarc.  It 
remains  for  the  individual  dcvclnner  with  a  unique  idea  and  little  to  lose  to  come 
up  with  ffue  innovations.  We  as  teachers  can  see  the  needs  of  our  disciplines.  It  is 
up  to  us  either  to  develop  the  programs  or  to  encourage  others  to  do  it  for  us.  We 
will  soon  have  machines  fast  enough  to  do  this. 

Fairly  extensive  animated  games  have  appeared  in  the  last  few  years.  With  a  lit- 
tle help  from  hardware,  simulated  airplanes  and  space  ships  move  smoothly  and 
with  fair  reaiism.  Unfortunately  the  educational  market  does  not  provide  the  incen- 
tive for  companies  to  develop  such  hardware  l»v  educaUonal  use,  much  less  the 
more  difficult  software  to  run  on  today  's  popular  microcomputers. 

Yet  these  games  do  show  what  can  be  done  with  today  s  technology. 
Fortunately,  with  the  steady  decrease  of  chip  and  system  prices,  we  can  look  for 
equivalent  capability  in  just  a  few  years.  Recent  reports  suggest  thai  today's  micro- 
computer his  roughly  the  same  power  as  a  mainframe  computer  of  20  years  ago  at 
one-thousandth  the  price.  With  the  development  of  dedicated  VLSI  graphics  chips, 
the  next  generation  of  microcomputers  will  provide  the  level  of  speed  and  memory 
capacity  required  for  really  good  animated  simulations. 

Wave  Algorithms 

The  next  generation  of  machines  mil  lavc  enough  power  to  do  simple,  interactive 
^animaUons  written  in  high-level  languages  such  as  Pascal,  BAS*C,  etc.  (Currently, 
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animation  on  microcomputers  must  be  done  in  machine  language  to  get  the  speed 
and  interactivity  required.)  In  the  following,  I  present  some  of  the  algonthms  and 
tricks  to  do  fast  animations. 

The  basic  approach  to  animating  waves  on  a  computer  is  to  generate  a  table  for 
one  full  period  of  the  wave.  This  avoids  having  to  calculate  sines  and  cosines  for 
each  point  during  the  animation,  which  takes  a  relatively  long  time  in  most  com- 
puters. 

First,  we  ^asc  tiie  okl  point  and  plot  the  new  point  Stepping  through  the  table 
with  a  vm^Jbk  Inr:refnent  allows  us  to  control  the  ^>parent  wavelength  of  the  ani- 
mated wave,  Tc  make  the  wave  appear  to  move,  we  simply  increment  the  starting 
point  in  the  sable.  Moving  the  starting  point  (o  the  left  in  t^c  table  makes  the  wave 
appear  tD  nove  to  the  right,  etc. 

To  produce  a  standing  wave,  we  use  two  pointers  in  the  table.  We  move  one  to 
the  left  and  one  to  the  right,  corresponding  to  the  two  traveling  waves.  Adding  the 
values  at  the  pointers  generates  the  standing  wave.  Thus  animations  like  those  in 
^(anding  Wave^.  are  quite  easy  to  generate. 

'^0  see  group  velocity  or  relativistic  electromagnetic  wave  eiTects,  we  ase  two 
:>eparate  tpblcs  with  different  amplitude  sine  waves.  Adding  values  from  two  tables 
allows  us  to  simulate  a  wide  variety  of  physical  phenomena. 

Tiie  tables,  once  calculated,  can  be  used  to  produce  any  wave  shape  imaginable. 
Wc  can  demonstmte  pulses,  uiangular  waves,  square  waves,  or  any  other  wave 
sliape  we  desire. 

To  genenite  a  circular  wave  such  as  is  used  in  the  Electron  Wave  animation,  we 
also  need  tables  of  x  and  y  conversion  factors  for  each  angle.  We  take  the  appropri- 
ate factors  IVom  the  table  rather  than  calculate  them  "on  the  fly."  The  rest  is  just 
wave  animation  ^^11  over  again. 


Particle  Animations 

Particles  are  extremely  easy  to  animate.  We  set  up  a  calculation  loop  that  succes- 
sively operates  on  each  simulated  particle.  In  the  loop,  we  erase  the  old  particle, 
calculate,  and  plot  the  new  particle. 

In  Lhc  calculation,  the  acceleration  of  each  particle  is  added  to  the  velocity  and 
the  velocity  is  added  to  the  position  for  both  the  x  and  y  dimensions  (and  the  z 
dimension,  if  you*re  doing  3-D).  Ordinarily,  one  multiplies  the  acceleration  by  the 
time  increment  before  a'jding  to  the  velocity,  and  multiplies  the  velocity  by  the 
time  increment  before  adcling  to  the  position.  To  avoid  four  (or  six)  time-consum- 
ing multiplications  per  point,  we  scale  the  acceleration  and  the  velocity  so  the  time 
increment  is  unity.  This  increases  the  conceptual  difficulty  of  programming  but 
makes  animation  much  quicker. 

Choosing  the  velocities  from  a  true  Maxwell  distribution  may  seem  difficult, 
but  in  fact  is  quite  easy.  If  we  look  at  the  Maxwell  velocity  distribution,  we  see  that 
each  component  of  the  velocity,  x,  y,  and  2,  is  chosen  from  a  normal  or  Gaussian 
distribution.  A  simple  way  to  obtain  Gaussian  random  numbers  is  alternately  to 
add  and  subtract  twelve  uniform  random  numbers.  This  gives  a  Gaussian  random 
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mirabcr  with  an  expected  aveiage  of  0  and  a  standard  deviation  of  1.  Then  we  sim- 
fHy  multiply  the  Gaussian  random  number  by  the  square  root  of  the  simulated  tcm- 
peratuie  to  obtain  Ae  afpropmvt  Maxwdl  distributicHi. 

An  the  rest  is  keeping  track  of  where  the  particles  are,  making  sure  that  they 
stay  inside  the  walls  of  the  simulated  box,  etc. 


Work  in  Progress 

This  section  summarizes  some  of  my  work  in  progress  and  ideas  for  the  futuie. 
They  are  arranged  roughly  in  order  of  the  amount  of  woric  that  I  have  alrcudv  put 
into  them. 


Current  Development 

Kinetic  theory.  Animation  of  moving  panicles  under  varying  conditions  of  tcm- 
perature»  piessure,  volume,  gravity,  etc.  Shows  Maxwell's  Demon  in  action.  Can 
diq)Iay  Bose-Einstein.  Fcrmi-Dirac.  and  other  distributions.  Calculates  enu-opy, 
energy,  etc. 

D/fi^a5w«.  One-dimensional  concentration  plot  shows  exponential  diffusion 
from  various  initial  conditions:  delta  function,  edge,  dipole  layer,  sines  of  decreas- 
ing wavelength,  etc.  Diffusion  coefficients  can  be  varied.  Program  is  expandable  to 
include  other  intr ^ting  effects. 

Chromatography.  Real-time  display  of  concentration  along  a  gas  or  liquid  chro- 
matography column.  Shows  partitioning  of  various  components  between  mobile 
and  stationary  phases  as  well  as  separation  of  components  at  end  of  column.  Can 
also  simulate  diffusion,  nonequilibrium.  instrumental,  and  other  effecls. 

Lissajous  Figures.  Animation  of  crossed  sine  waves  or  other  wave  forms  of 
arbitrary  frequency  and  phase,  with  or  without  amplitude  variation.  Has  possible 
artistk:  ap[dication.  Can  animate  thousands  of  points. 

Holograms.  Making  holograms,  also  called  kinoforms.  Can  be  output  to  a 
matrix  printer  for  photographic  reduction  to  view  with  a  laser.  Would  be  good  for 
high  school  science  projects,  and  for  showing  the  phase  relationships  of  waves. 
Fresnel  diffraction,  etc. 

Elliptic  waves.  Animation  of  particle  motion  in  waves. 

Earthquake  waves.  Rayleigh  surface  waves.  Love  waves,  comprcssional  waves, 
transverse  waves,  etc. 

Water  waves.  Capillary  waves.  deq)-water  waves,  variation  of  amplitude  with 
depth.  Will  be  of  interest  to  geologists,  engineers,  physicists,  etc. 

Fermafs principle.  Real-tim:  Jsplay  of  Fermat's  least-time  principle. 

Reflection  artdrefractbn.  Co  j|d  be  presented  as  a  game. 

Multislit  interference.  Draws  either  Fraunhofer  or  Fresnel  diffraction  patterns  in 
real  time  for  an  arbitrary  number  of  slits  with  variable  widths.  Shows  quantum 
probable  buildup  of  photons  as  they  are  difTracted  by  the  slits. 

Relativistic  shapes.  Animation  of  simple  shapes  as  they  move  past  an  observer 
Q  "  oving  at  speeds  near  that  of  light. 
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Orthogonal  functions.  Real-time  display  of  Hermite*  Legendre,  Laguene,  and 
other  orthogonal  functions.  Would  be  useful  in  quantum  mechanics  to  show  hydro- 
genic  atom  probability  clouds»  in  engineering  to  show  antenna  radiation  patterns, 
and  in  chemistry  to  show  atomic  orbitals. 

Algorithms  Developed 

Rotating  three-dimensional  display.  Animated  3-D  perspective  display  of  any 
objea  with  2S6  points  rotating  about  a  vertical  axis.  Moie  points  slow  the  anima- 
tion. Considers  3-D  chemical  molecular  models,  crystals  (hexagonal,  face-cen- 
tered, etc.),  Platonic  and  Keplerian  solids  and  others.  Can  have  different  objects 
rotating  at  diffeient  rates  at  various  places  on  screen. 

Curve  drawing.  Curves  with  second-order  differ^tial  equations  can  be  dmwn 
in  real  time.  Can  go  to  third  and  higher  orders  with  little  effort.  G^eal-time  calcula- 
tion should  be  done  in  less  than  a  second.) 

Fourier  transform.  Real-time  display  of  periodic  wave  forms  and  their  Fourier 
transforms  including  amplittide,  phase,  real  or  imaginary  components,  power  spec- 
tra, etc.,  in  rectangular  or  polar  plots. 

General  relativity.  Animates  the  three  basic  effects:  frequency  and  amplitude 
increase  of  light  waves  falling  into  a  black  hole:  light  bending  in  a  gravitational 
field,  and  precession  of  the  perihelion  of  mercury. 

Wave  group.  Animates  particlelike  wave  groups  to  illusuate  Heisenbcrg  uncer- 
tainty, Feynmann  diagrams  for  elemenury  particles,  etc. 

Compton  scattering.  Simulates  photon  collision  with  wavelike  electron,  shows 
change  in  wavelength  of  each,  or  tries  for  simulated  interference  effects. 

Dashed  lines  marquee  effect.  Animation  of  dashes  moving  along  arbitrary 
curves  would  be  useful  to  illusuate  charge  motion  in  an  elecuic  or  electronic  cir- 
cuit. Considers  animation  of  charges  moving  in  a  vacuum  tube  or  in  a  semiconduc- 
tor, cars  moving  on  a  highway,  traffic  flow  in  a  hospital,  etc. 

Ideas  under  Development 

Four-dimensional  rotations.  Real-time  display  of  4-D  objects  in  perspective 
under  interactive  control.  Could  Jo  rotating  hypcrcube,  spheres,  molecules,  etc. 
Would  be  useful  in  mathematical  discussions,  relativity,  crystallography,  group  the- 
ory, etc. 

Doppfer  effect.  Animation  of  circular  wave  fronts  of  light  or  sound,  moving 
outward  ir>m  a  soiu'ce  as  the  source  and  observer  move  across  the  screen  at  vari- 
ous relative  or  absolute  velocities.  Could  also  show  shock-wave  effects  of  objects 
moving  faster  than  sound. 

Vibrating  beam.  Animation  of  the  vibration  of  a  solid  beam  under  various  end 
conditions:  clamped,  fixed,  free,  etc. 

Reactor  simulation.  Animation  of  the  neutrons  in  a  nuclear  reactor  as  they  col- 
lide with  uranium  atoms,  which  causes  them  to  fission  and  generates  more  neu- 
trons. Would  also  show  slowing  of  neutrons  in  moderator,  absorption  by  damper 
rods,  poi*x)ning,  delay  effects,  etc. 
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Wrn^e  reflections.  Animation  of  waves  being  reflected  from  hard,  soft,  or  inter- 
mediate  boundaries  with  different  wave  velocities.  Would  show  both  transmitted 
and  reflected  waves  including  components.  ^ 

Cardiac  simulation.  Animation  of  an  electrocardiogram  showing  abnormalities 
of  the  heart  under  interactive  control.  Could  also  show  vector  plot,  etc. 

Quantum  mechanics.  Real-time  solution  of  SchrOding^*s  equation  with  inter- 
active parameter  changes.  Would  solve  square  well,  simple  harmonic  oscillator, 
hydrogen  atom,  and  other  potentials. 

Crystal  defects.  Animation  of  the  motion  and  behavior  of  defects  produced  by 
inclusions,  vacancies,  slip  planes,  etc.  in  crystalline  and  amorphous  solids. 

Relaxation  techniques.  Real-time  solution  of  L^lace's  equation  for  heat  flow, 
current  flow,  temperature  or  voltage  distribution,  etc. 

Fluid  flow.  Real-time  display  of  the  vector  velocity  field  around  various  objects 
in  a  moving  compressible  or  incompressible  fluid. 

Sound  generation.  Would  produce  the  sounds  of  a  given  Fourier  series  or  gener- 
ate tones  with  fixed  ratios.  These  would  be  of  interest  to  musicians  (especially 
those  who  wxk  with  synthesizers),  engineers,  etc. 

Particle  scattering.  Animation  of  particles  scattering  off  a  nucleus  or  other 
object  Would  also  generate  the  scattering  pattern  in  real  time.  Could  be  set  up  as  a 
game  with  various  levels  of  difficulty.  Particle-beam  collisions,  center  of  mass  con- 
version, and  cross-Section  concepts. 

Quantum  scattering.  Real-time  generation  of  the  scattering  pattern  produced  by 
particle  waves  using  S-matrix  theory,  etc. 

Accelerators.  Animation  of  the  charges  in  a  cyclotron,  synchrotron,  linear 
accelerator,  or  others.  Would  show  bunching,  phase  effects,  quadruple  focusing, 
etc. 

Supercollider.  Geographical  dimensions,  goals  of  supercollider,  particle  beams, 
experimental  areas,  detectors,  etc. 


Possibilities 

Hanging  chain  oscillation.  Bessel  functions,  solution  of  finite  partial  differen- 
tial equation. 

Advanced  waves.  Block  waves  in  a  crystal,  quantum  electronic  devices,  Huygcn 
wavelets,  hologram  formation. 

Green's  function  simulation.  Would  show  point  effects,  illusuatc  summation, 
delta  function,  impulse,  etc. 

Electron  motion.  Electron  beam  in  television  tube,  oscilloscope,  drift-tube 
amplifier,  ragnctron,  vacuum  tube,  or  in  a  semiconductor  diode,  junction  transis- 
tor, or  field-effect  transistor. 

Maxwell's  equations.  Would  show  differential  forms,  integral  fomi;  would  ani- 
mate qualitative  interpretadon;  would  show  plane  current  increasing,  radiating 
dipole;  would  have  animated,  interactive  displays  of  accelerated  chaiges. 

Bell's  theorem.  Would  review  theory  and  quantum  evidence;  would  give  inter- 
active examples  from  classical  and  quantum  cases. 
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Superconductor.  Wave  properties*  energy  gap»  flux  quantization*  interference. 
Superfluid.  Zero  viscosity»  fountain  effect*  second  sounds  lambda  point 
Nuclear  reactions.  Conservation  rules*  reaction  lab»  energetics*  decay  schenies. 
Etemetitary  particles.  Group  theory*  conservation  laws*  reactions*  quaik  theo- 
ries* other  theories* 


Conclusion 

My  present  goal  is  to  develop  animation  modules  for  the  Macintosh,  the  IBM  PC* 
the  DEC  Rainbow*  the  BBC  Acorn*  and  oUier  microcomputers.  The  modules 
should  be  accessible  from  BASIC*  Pascal*  and  any  other  language  that  allows 
parameter  passing  to  machine-language  sulmutines.  This  will  allow  teachers  to 
create  their  own  demonstration*  tutorial*  and  CAI  materials  using  these  animations. 
It  will  also  allow  students  to  use  the  animation  modules  in  their  ovta  projects. 

Experience  suggests  that  I  concentrate  on  animation  graphics  design.  Given  the 
limitations  of  time  and  support  that  I  face*  I  must  concentrate  on  those  efforts  that 
will  yield  results  in  projects  that  no  one  else  is  attempting.  This  optimizes  the  gain 
of  teachers  and  students  alike  by  giving  them  a  number  and  variety  of  animations 
that  they  would  not  otherwise  have. 

I  welcome  ideas  and  suggestions  from  the  physics  community.  1  especially  need 
input  on  what  teachers  would  like  to  see  in  the  way  of  simulations.  What  is  impor- 
tant? What  is  useful?  What  mainframe  programs  have  you  seen  that  you  would  like 
your  students  to  use  ui  microcomputers? 

The  possibility  of  interactive,  animated  simulations  holds  great  potential  for 
providing  high-quality  education  to  the  public  as  well  as  to  our  students  in  class- 
room and  laboratory. 

I  wish  to  thank  the  physics  deptrtment  and  the  Center  for  Excellence  for  Computer 
Applications  at  the  University  of  Tennessee  at  Chattanooga  for  thdr  continuing  support. 
Animated  Waves  and  Particles  may  be  obuined  through  the  Physics  Courseware  Laboratory, 
Department  of  Physics,  North  Carolina  Sute  University,  Raleigh,  NC  27695*8202,  or  tele- 
phone (919)  737-2524.  Anbnation  Demonstration  is  published  by  CONDUIT,  which  also 
publishes  the  related  programs  Group  Velocity  and  Standing  Waves.  To  order  these  pack* 
ages,  or  t  free  catalog,  contact  CONDUFT,  Room  4557,  Oakdalc  Hall,  University  of  Iowa, 
Iowa  City,  lA  52242,  or  telephone  (319)  3354100. 

1.  Since  a  written  discussion  cannot  illustrate  the  dynamic  nature  of  animations,  the  read* 
er  may  wish  to  obtain  a  copy  of  the  author's  programs  from  the  sources  listed  to  see  the 
effects  described  in  the  paper. 
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Since  the  mid-1970s  wc  have  had  many  physics  simulations  running  on  DEC- 
VAXl  1/780  (now  VAX-8800/2)  and  IBM  (cuntnUy  lBM-3084  and  IBM.3090 
with  vector  facility)  mainframe  computers.  We  have  useu  monochrome  graphics 
terminals  diat  emulate  a  Tektronix  terminal.  Students  have  been  able  to  use  our 
simulations  because  we  have  made  strong  efforts  to  register  all  entering  freshmen 
aiKl  fhrst-year  graduate  students  as  VAX  users  and  because  monochrome  graphics 
terminals  are  available  at  various  locations  on  campus.  We  also  have  taken  a  termi- 
nal into  classrooms  for  lecture  demoastrations,  connecting  it  to  a  VAX  by  a  tele- 
phone line  and  modem  in  the  early  years  and  by  a  Sytck  local-area  networic  in 
recent  years. 

We  have  a  restricted  log-in  user  ID  on  the  VAX  and  freely  advertize  it  to  all 
interested  students,  \nyone  who  logs  into  the  VPI&SU  VAX  cluster  on  this 
PHYSICS  user  ID  can  do  nothing  but  run  our  set  of  physics  simulations.  (Since 
VAX  allows  multiple  log-ins  to  u  user  ID,  many  students  can  simultaneously  log 
into  !he  PHYSICS  user  ID.) 

About  1,500  freshnwn  engineering  students  at  VPI&SU  are  currently  required 
to  buy  an  IBM  PS/2  when  they  enter  the  university;  there  were  over  10,000  person- 
al computers  at  Vn&SU  in  Janizary  1988,  and  about  2,000  are  being  added  each 
year.  The  free  Kermit  toniinal  emulator  software  for  IBM  PC/AT/(PS/2)  (version 
2.31)  emulates  a  monochrome  Tektronix  graphics  terminal.  Thus  all  engineering 
stucknts  at  VPI&SU  are  able  to  use  our  physics  simulations  on  a  VAX  computer, 
either  from  the  data  connection  m  their  dormitory  rooms  or  through  moJems  in 
their  apartments. 

In  1983  we  decided  that  it  was  time  to  buy  a  color-graphics  microcomputer  for 
our  research  and  teaching.  Our  criteria  were  that  resolution  had  to  be  about  what 
we  had  had  on  our  monochrome-graphics  terminals,  with  the  addition  of  at  least 
ei^t  colors;  the  characters  had  to  be  easy  to  read  (no  discernible  jagged  edges  or 
spaces  between  pbccls);  the  graphics  had  to  be  fast;  software  for  doing  scientific 
word  processb^g  had  to  be  available;  software  for  Tektronix  color-terminal  emula- 
tion had  to  be  a>-<iilable;  color-graphics  software  callable  from  one  or  more  stan- 
dard MS-DOS  programming  languages  had  to  be  available;  and,  of  course,  the  cost 
had  to  fit  our  budget.  After  a  thorough  study,  we  found  only  one  microcomputer 
that  met  our  criteria  in  1983:  the  NEC-APC,  two  of  which  we  purchased.  After 
1985  the  choice  was  greater,  then  our  choice  became  the  cheaper  and  faster  NEC- 
APCill;  our  department,  fa'^ul7,  and  students  have  purchased  more  than  25  of 
O  'lese  machines.  At  that  time  it  cost  at  least  $2,000  more  to  buy  an  BM  PC  with 
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EGA  graphics  than  it  cost  to  buy  the  APCIII.  Now,  of  course,  EGA  and  VGA 
machines  are  v«ry  inexpensive  and  we  are  buying  such  machines. 

With  the  advent  of  the  NEC-APCII^  in  1985,  all  of  our  simulations  were 
tnsiandy  available  on  it  because  the  ESC140  VTlOC^Tdctionix  color  terminal  emu- 
lator was  available  for  both  the  APC  and  the  APCIIL  (Several  Ibktionix  color  ter- 
minal emulators  are  available  for  the  IBM  PC/AT/P^/2,  the  least  expensive  of 
which  is  VTEKO 

We  have  converted  numy  of  our  VAX  physics  simulations  to  run  on  the  NEC- 
APC*  NEC-APCni  and  IBM  PC/AT/PS/2,  both  as  color  terminals  with  a  VAX 
mainframe  and  as  microcomputers. 

The  physics  department  has  an  NEC-APGII  on  a  wheeled  table  for  easy  trans- 
port to  a  classroom.  We  use  the  APCin  as  a  standard  classroom  tool,  similar  to 
slide  and  film  projectors,  lecture  demonstrations,  etc.  The  use  of  color  greatly 
enhances  vievmg  a  computer  screen  in  a  classroom.  In  large  classrooms  we  use  a 
Sony  Iaige*saten  projector,  which  automatically  adjusts  to  the  resolution  of  vari- 
ous microcomputers  used  with  it  When  the  APCIII  is  not  being  used  for  lecture 
demonstrations,  it  resides  in  the  department's  SAIL  (Student  Audiovisual 
Interactive  Laboratory)  room  for  student  use  as  a  microcomputer  and  a  color 
graphics  terminpl. 

Physics  Simulations  at  VPI&SU 

Many  of  our  physics  simulations  have  been  converted  to  run  on  the  NEC-APC, 
NEC-APCIII,  and  IBM-PC/Ar/PS/2  as  stand-alone  microcomputers,  using  MS- 
FORTRAN  and  the  QCAL  graphics  package.  QCAL  emulates  CALCOMP  graph- 
ics, has  graphics  cursor  capability,  and  allows  several  special  features  of 
high-resolution  (not  CGA)  microcomputers  (e.g.,  eight  colors,  four  (^rawing 
modes,  and  quick-graphics  save  and  restore).  CALCOMP  graphics  run  on 
Tektronix  terminals  and  their  emulators;  we  have  been  using  them  for  two  decades 
on  VAX  and  IBM  mainframes.  Thus  we  can  ('x)wnload  FORTRAN  graphics  pro- 
grams from  a  mainframe  to  a  microcomputei  and  auickly  get  them  running  on  a 
micrrxomputer.  (A  site  license  for  educational  inst  ions  is  available  for  QCAL.) 

There  are  at  least  two  types  of  iriiysics  simulations:  those  that  draw  a  **picture** 
of  a  physical  situation  and  then  show  how  it  changes  with  changed  parameters  (e.g. 
time);  and  those  that  draw  mathcmaii  u!  func'jons  that  show  how  some  physical 
function  varies  with  changed  parameters  (c.g.  time).  Both  types  arc  used  in  some 
of  our  simulations.  Students  also  appear  to  enjoy  game  aspects  in  simulations,  so 
several  of  our  simulations  are  designed  so  that  they  can  be  used  as  games. 

Some  features  of  our  physics  simulations  arc  as  follows: 

1.  Seven  colors  are  used  for  texi  as  follows:  magenta  (purple)  for  questions  to 
user,  red  for  warnings  and  errors,  yellow  for  standard  text,  green  for  help  infor- 
mation, cyan  (greenish  blue)  for  user  input,  blue  for  incidental  information 
(e.g.,  C(H)yright  notice),  and  white  for  titles  and  general  information.  These 
color  guidelines  follow  recommendations  based  on  the  physics,  physiology, 
psychology,  and  sociology  of  color  vision.^  We  sometimes  deviate  from  these 
color  guidelines  when  colors  are  needed  to  differentiate  several  parts  of  a 
screen;  e.g.,  parts  of  a  menu. 
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2.  Seven  colofs  are  used  in  graphics,  usually  in  rainbow  order  (magenui,  red,  yd- 
low»  gieco,  cyan,  blue,  and  while),  for  curves  with  increasing  values  of  time  or 
some  odier  panmeter,  for  examine,  rainbow-ordered  colors  are  used  for  third- 
dimensioaal  values  instead  of  hidden-line  removal,  thereby  sWing  more 
infonnatioQ  and  saving  calculational  tirne. 

3.  Brief  help  information  is  usually  present  on  a  screen,  but  extensive  help  is 
quicUy  avaiUbIc  by  pressing  the     key;  all  grai*ics  and 

quickly  saved  and  then  quickly  restoml  after  the  help  screen  is  read. 

4.  Many  of  our  simulations  use  a  graphics  cursor  for  input;  for  example,  the 
gn4)hks  cursor  is  often  used  to  enter  position  and/or  velocity  for  a  particle. 

5.  Run*time  bruicbing  allows  the  user  to  skip  around  in  a  simulation  by  using 
two-let^  codes.  This  includes  restart  (RS)  or  quit  (QT)  at  most  poinis'of  user 
input 

6.  Reasonable  default  parameter  values  arc  available  so  users  can  repeatedly  press 
return  to  run  an  example  before  choosing  their  own  parameter  vsdues.  Some  of 
our  simulations  allow  much  leeway  for  the  user  to  enicr  variable  parameters,  so 
we  use  an  easy,  fast,  and  error-checking  input  procedure  described  in  table  L 

7.  lypical  interactive  sessions  can  be  demonstrated  using  a  "data-stream"  feature 
whereby  user  inp  ^    i  be  saved  in  a  "replay"  file.  The  replay  file  is  an  ordinary 


Table  1. 

Data-Entry  Rules 

There  arc  two  kinds  of  data  cnuy :  alphanumeric  and  graphics  cursor 

Alphanumeric  Data  Input 

•  Separate  numeric  cnuies  by  spaces,  end  of  line,  +  or 

•  A  real  enuy  doc5  r»o»  need  a  decimal  point  (sec  examples  below). 

•  An  cnuy  can  be  repeated:  .2R6  or  34R13  or  5.3  R  7 

•  Entries  can  be  incremented:  315R13  or  2.5I.6R5  or  11.3 1  3  R  7 

•  The  remainder  of  an  array  can  be  skipped:  (anray  X(  19))  ->  5.3  2  -4.5  S 

•  The  remainder  of  an  array  can  be  zeroed:  (array  X(19))  ->  5.3  2  -4.5  Z 

•  An  element  for  an  array  can  be  entered  at  any  next  element  by  using  •:  (array 
X(19))    *5  3.2  5  *  10  5  S     Sets  elements  5, 6,  and  10  only, 

•  The  remainder  of  an  entire  cnuy  call  can  be  skipped:  (call  for  X,Y;z;^)  ->  -3  2 
4Q 

•  lYansfer  codes  may  *>c  available  for  some  applications. 
Graphics  Cursor  Input 

•  When  a  fall-screen  graphics  cursor  is  displayed  on  the  screen,  move  it  around 
with  the  cursor  keys  and  then  stroke  a  single  key  for  entry  as  directed.  The  INS 
key  toggles  the  speed  of  cursor  movement 
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(Pebok  file  name:  INPUTJNP  or  nin  prognun  with  PROGRAM  FILENAME) 
DSSR:  Switch  oq^itcoiding  imo  r^y  file,  (DS  ^  *data  stream*). 
Emer  Ttofiam  Daa  and  Commands 
DSPS:  Imai  a  p«tae  ai  non-gnpliics<ursor  input 

DSPS  n  or  #  n:  When  pause  is  disabled,  insert  a  pause  or  a  delay  of  n  seconds  at 

noii*traphics<cursor  input 
#:  Inaeft  a  pause  or  a  delay  at  any  input  (at  graphics-cursor  input  you  will  be 
pfonq>Ced  for  a  dday  time  or  a  pause). 
DSRF:  r^^find  rq>lay  fde. 
DSEF:  Go  to  end  of  replay  file. 

DSRS:  Set  random-number  generator  seed  from  system  clock. 
DS?:  Di^y  this  data-stieam  information. 
1%?:  Di^lay  data*cntry  rules  information. 
(Only  #  is  entered  at  graphics-cursor  iaput) 

StartiBg  Replay  fhrn  a  File 

(Run  PROGRAM  FILENAME). 

DSRF:  Rewind  rq}lay  ftle. 

DSSB:  Switch  od/on  input-aucntion  beeps. 

DSSI:  Switch  input  from  keyboard  to  replay  Tile. 

DSSI  n:  Switch  input  to  replay  file  and  set  a  common  delay  of  n  seconds  for  all 
pause  locations. 

At  Pftuses  when  Replaying  from  a  File 

DSSB:  Switch  ofi/cn  input-attention  beeps.rtlc 
DSN?:  Disable  pauses. 

DSN?  n:  Disable  pauses  and  set  a  common  delay  of  n  seconds  for  all  pause  loca- 
tions (n  «  -1  to  reuun  to  specifx:  pauses). 
DSSI:  Switch  input  from  replay  file  to  keyboard. 
DSRF:  Rewind  replay  file. 
DS?:  Display  this  data-stream  information. 
DE?:  Diq)lay  data-entry  rules  information. 

While  Replay  is  Running 

<ESC>:  Q}ni  program  while  mnning  replay. 
Q:  Stop  replay  and  remm  to  keyboard  entry. 
<KEY>:  Actuate  any  ,iises  while  running  replay  without  pauses 
(<KEY>  «  any  key  other  than  <ESC>,  q,  or  Q). 
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ASCII  file,  so  it  can  be  ediuxl  by  any  editor.  One  can  insert  pauses  or  dme 
delays  at  any  input  point  in  the  «xplay  file,  or  one  can  cause  the  replay  to  if  iore 
all  .jch  pauses  and  time  delays  or  insert  a  common  time  deUiy  <x  all  input 
points.  The  rq)lay  can  continuousl..  recycle  for  demonstrations.  Sec  ubie  2  for 
itconling/ireplay  deuuls3rief  descriptions  of  our  physics  simulations  arc  given 
inl>bie3. 

Some  ttpitsentative  scrc^^^^  available  in  our  simulations  arc  shown  in  Figure  1. 
Of  course,  these  static  Uadc-and-^te  pictures  cannot  adequately  show  the  infor- 
macioQ  available  in  an  interactively  changing  color  display.  They  are  imretouched 
grphics  screen  dumps  from  a  NEC-APCUI  microcomputer  to  c  Hewleu-Ptekard- 
SOO-Plus  laser  printer.  Since  the  APCIII  screens  sometimes  contain  nongraphics 
text  as  well  as  grajAics  text  (an  excellent  feature  of  the  NEC-APC  and  NEC- 
APCm,  not  available  on  IBM-EGA  or  VGA),  the  graphics  screen  dumps  do  not 
show  everything  that  a  user  sees  on  the  scnxn. 

QCAL  pcocnuns  can  run  on  the  IBM  PC/AT/PS/2  » ^•iihcr  the  color-grs^hics 
adaptOsVmonitor  (CGA)  or  with  the  enhanced  grs^ics  adaptor/monitor  (EGA).  Of 
course  we  prefer  the  latter  because  of  its  higher  resolution  (640x350  pixels)  and 
greater  number  of  colors  (8  +  high  intensity  =  16).  Our  simulations  are  linked  such 
that  they  will  run  on  a  microcomputer  with  or  without  the  8087  mathematics 
coprocessor  installed,  but  we  strongly  recommend  {.'stalling  the  8087  (or 
80287/80387  in  80286(AT]/80386  machines).  Floating-point  calculations  and 
graphics  are  extremely  slow  without  ii  (by  a  factor  of  over  10  for 

Some  p9pcn  have  beer  published  about  our  simulations.^  Our  physics  simula- 
tions for  *ihe  VAX  cc^npuier  can  be  obtained  from  the  authors  on  a  VAX  back-up 

Tables  ~^ 
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(lamfi  PMcription 

ART  IViuectory  mclion  (artillery  game) 

LEM  Planetary  landing  ilunar  lander) 

TRAJ  Orbits  and  scattering  in  a  ^herical  potential 

SCAT  Two-dimensional  scattering  game 

TURF  Relativistic  view  of  moving  object 

CLOSC  Classk:aloscUlator 

QNT  One-dimensional  quantum  mechanics 

WAVEPAC  Traveling  wave  packet 

(^CLOCK  Quantum  mechanical  clock 

ECB  Motion  of  electron  in  crosses.  E  and  B  fields 

EFIELD  Fields,  equipotentials,  and  motion  in  E  and  B  fields 

LRC  LRC  circuit 

GRATE  Diffraction  grating  patterns 

BEATS  Two  frequencies 

GEOPTIC  Ray  tracing  for  mirrors,  surfaces,  and  lenses 

FOURIER  Fourier  representation  of  wave  forms 

MATHF  Orthogonal  functions  
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Protn  <#*lee.tv  «/C  •  I  .COO 
CewAttr  «.dth  •  S.O 
MSB  (Bcekgrewnd)  «  10 


0>»Ptr»,on  ON 
C« tr«pdl«l .on  CfF 


0.9p«r),on  .»  CM 
Cxtr«pol«t,on  OFF 


Figure  1.  (A)  CLOSC:  Classical  Oscillator  Simulation,  (B)  SCAT:  Classical 
Scfittering  Simulation,  (C)  EFIELD:  Simulation  of  Charge 
Distributions,  (D)  and  (E)  GEOPTIC:  Geometric  Optics  Simulation, 
(F)  FOURIER:  Fourier  Representation  of  Functions. 

tape.  The  microcomputer  physics  simulations  for  the  NEC-APCIII  and  the  IBM- 
PC/AT/(PS/2)  are  available  commercially  at  low  prices  from  GlobalView,  Inc.,  Rt 
1,  Bo;;  282,  Blacksbuig,  VA  24060. 


Future  Physics  Simulations  at  VPi&SU 

We  plan  to  continue  improving  our  current  physics  simulations  and  continue  con- 
O   erting  more  of  the  VAX  simulations  to  run  on  high-resolution  color  microcomput- 
11^  R^C^  and  10  create  more  simulations  in  all  areas  of  physics. 
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)M»  plan  to  transfer  our  programs  to  the  new  IBM  VGA  gnq>hics  and  Lhe  new 
Macintodi  n  in  the  fitture  (see  laUe  4).  We  have  chosen  the  Macintosh  n  as  our 
future  research  teaching  machine;  however,  it  is  much  harder  to  program  ihan 

TabU4 

CoaparisoB  of  High  ResohitioB  Microcompnters 


Pixels 

CGA 

EGA 
Colors 

CPU 


NEC.APC 
640x480 


NECAPCm 
640x400 


8086  (S  MHz) 
(UxIBMPC) 


8086  (8  MHz) 
(2^xffiMPQ 


PQRIRAN 

Wbetsooe  12  s  8  s 

(with  8087) 

FORIRAN 

Whetsone  141s  99  s 

(W/O8087) 

IBM  PsmMcr.A  IBM  pmivaA 


Pixels  640x480 


Colors 
CPU 


Pixels 
Colors 
CPU 


2  (mono) 

8086  (8MHz) 
(2^xIBMPQ 
(Model  30) 

Macintosh  II 
640x480 

256 


320x200 


256 

8086  (8  MHz) 
(2.5xIBMPC) 
(Model  30) 


320x200  (4  colors) 
640x200  (mono) 

640x350 
4 

2  (mono) 
16(*+highint.) 

8088  (5  MHz) 
80286  (6/8  MHz) 


CGA 


CGA 
CGA 
EGA 

PC 
AT 


16s 

8s 

5s 


PC 

6/8  MHz  AT 
12  MHz  AT 


208  s  PC 

69/49  s  6/8  MHz  AT 

36s  12MHzAT 

640x480  720x400 
(gr^hics)  (text) 

16  16 

80286  (10  MHz) 
80386  (16-25  MHz) 
(Models  50, 60. 70. 80) 


Hercules  Incolor  VaxStation  2000 
720x348  1024x864 


16 


68020  (16  MHz)  — 


16 

VAX 
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8086-  family  machines,  if  one  allows  all  Macin.  )sh  features  to  be  constantly  avail- 
aUe  to  the  user  of  a  simulation.  The  advent  or  the  much  faster  Macintosh  n  and 
machines  using  the  Intel  80386  cpu»  will  enable  us  to  expand  our  simulation  set  to 
include  simulations  that  require  more  complicated  numerical  calculations. 

We  wish  to  thank  many  students  who  have  helped  us  develop  and  refine  our  physics  simula* 
tions  over  die  past  decade.  Some  who  were  especially  helpful  were  Brent  Landers,  James 
Fmegan,  Randall  PHce,  Charles  (Chet)  Perldns,  Kuryan  (Oby)  Thomas,  Mark  Mathews,  and 
Craig  Burkhead.  Special  gradtude  is  due  to  Roger  Link  in  the  physics  electronics  shop  at 
VPI&SU  for  much  help  widi  hardware  and  software. 

1.  "The  Effective  Use  of  Color,"  Eurographics  86  Tutorial  (Gerald  Murch,  Tektronix, 
Inc  P.O.  Box  500,  Beaverton,  OR  97077). 

2.  R.  A.  Amdt  and  L.  D.  Roper,  AJP  51, 418  (1983);  R.  A.  Amdi  and  L  D.  Roper,  AJP 
54,  614  (1986);  R.  A.  Amdt  and  L.  D.  Roper,  Computers  in  Phys.  2, 61  (1988);  R.  A. 
Amdt  and  L.  D.  Roper,  "Scattering  in  a  Spherical  Pote.idal:  Motion  of  Complex  Plane 
Poles  and  Zeros,**  VPI&SU  preprint  (to  be  published  in  Computers  in  Physics). 


Apple  Simuiations 

R.  H.  Good 

California  State  University,  Hay  ward,  CA  94542 


What  should  we  do  wiUi  computers?  We  can  do  almost  anything: 

1.  Word  processing  and  number  crunching. 

2.  Data  acquisition  and  analysis.  For  example,  widi  ar.  Apple  II  and  A/D  convert- 
er we  can  pick  up  data  at  the  rate  of  10,000  bytes  per  second  and  carry  out  real- 
time frequency  analysis. 

3.  Text  programs.  In  such  programs  die  screen  displays  text  material  in  much  die 
same  way  it  might  appear  in  a  textbook.  Such  programs  are  still  being  written, 
even  for  the  new  microcomputers,  but  they  represent  an  abuse  of  the  medium, 
because  for  diis  purpose  a  book  is  more  legible  and  more  flexible. 

4.  Tutorial  programs.  Text  programs  often  are  mislabeled  as  tutorials,  but  real 
tutorials  change  their  presentation  depending  upon  the  user's  response.  Surely 
such  programs  are  destined  to  play  the  major  role  in  CAI  (computer-assisted 
instruction).  However,  the  biggest  problem  they  currently  face  is  how  to  get  stu- 
dents to  use  diem. 

Simulation  programs.  Tutorial  programs  are  intended  to  replace  human  teachers 
(quite  properly),  whereas  simulations  enhance  the  teacher's  resources. 
Quantitative  simulation  of  physical  phenomena  that  cannot  otherwise  be 
demonstrated  easily  (or  at  all)  constitutes  a  revolutionary  new  resource  for  the 
physics  teacher.  For  example,  in  no  other  way  can  one  conjure  up  quantum- 
mechanical  probability  amplitudes  witii  real  and  imaginary  parts,  and  at  the 
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same  time  display  probability  densities  quantitatively,  and  moving  across  the 
screen  in  real  time,  all  subject  to  interactive  adjustment  by  teacher  or  student 
Such  programs  are  of  value  in  concept  formation  from  high  school  through  col- 
leg''  and  into  graduate  school.  They  can  be  used  briefly,  for  a  few  minutes,  as  a 
lecture  demonstration,  or  dtey  can  support  an  hour  or  two  of  individual  study. 

This  paper  discusses  simulation  programs  and  the  microcomputers  that  run 
them. 

In  {Hcsenting  the  Doppler  effect  and  the  related  sonic  boom,  many  a  teacher  has 
filled  the  blackboard  with  circles  and  then  had  to  say,  "Now  imagine  it  moving.*" 
The  Apple  n  provides  a  kind  of  magic  blackboard  on  which  the  circles  really  do 
move.  And  in  this  case  the  circles  are  practically  perfect  (user  adjustable)  and 
quantitative  work  can  be  done  with  measurements  on  the  screen  images. 

Radiation  f^om  a  dipole  antenna  is  of  interest  over  a  broad  range  of  class  levels, 
and  corresponding  still  pictures  abound  in  textbooks.  The  48K  Apple  II  can  store  a 
sequence  of  64  fulNscreen  high-resolution  pictures  and  present  them  at  eight 
firames  per  second,  showing  how  field  lines  "break  ofP'  and  so  foith. 

At  the  most  fundamental  level,  electromagnetic  radiation  begins  with  accelera- 
tion of  charge.  A  highly  interactive  Apple  II  program  enables  the  teacher  or  student 
to  move  a  single  uVige  arbitrarily  in  the  vertical  direction  and  observe  in  real  time 
the  effects  on  the  electric  field,  and  in  particular  the  formation  and  growth  of  the 
transverse  components  that  represent  electromagnetic  radiation. 

You  may  never  have  seen  a  Maxwell's  demon,  but  an  Apple  II  simulation 
allows  you  to  be  a  Maxwell's  Demon.  And  it's  no  bed  of  roses:  you  have  to  be 
quick  and  clever,  and  kids  do  it  better  than  their  teachers.  You  can  open  and  close  a 
tr^oor  to  select  large  atoms,  or  fast  ones,  thus  lowering  the  entropy,  in  flagrant 
violation  of  the  second  law  of  thermodynamics.  It's  like  a  video  game,  and  your 
score  is  the  (negative)  entropy  you  achieve. 

Nothing  like  these  programs  is  available  for  microcomputers  other  than  the 
Apple  II.  This  is  of  course  a  tribute  to  the  impressive  simplicity,  flexibility,  and 
performance  of  the  Apple  II  with  Applesoft  BASIC.  But  it  also  constitutes  an 
indictment  of  the  new,  more  "sophisticated"  microcomputers. 

For  example,  the  new  Tandy  5000  personal  computer  advertises  256,000  differ- 
ent colors,  16M  RAM,  an  84M  hard  disk,  and  20  MHz.  But  we  sLwply  don't  need 
all  of  this  performance,  and  in  fact  the  wonderful  variety  of  options  not  only  com- 
plicates the  programming  but  also  tends  to  make  us  lose  sight  of  what  we're  really 
doing. 

Eric  Lane  informs  me  that  the  Macintosh  is  about  ten  times  as  hard  to  program 
as  the  Apple  II,  and  the  IBM  PC  has  problems  of  its  own.  This  is  why  we  do  not 
yet  have  any  of  his  excellent  programs  available  for  these  machines,  even  thougli 
they  have  been  around  for  years.  And  Bruce  Sherwood  paints  a  poignant  picture  of 
a  lop-flight  programmer  in  front  of  his  microcomputer,  mU\  ten  manuals  open  in 
front  of  him,  struggling  to  put  together  a  simple  system  that  others  will  find  usable 
for  the  "sophisticated"  micros.  I  believe  that  the  cT  approach  (formeriy  Andrew 
and  CMU-'Hitor)  is  sensible  for  making  the  new  machines  accessible  to  educators 
generally.  But  I  question  whether  the  new  machines  themselves  are  really  appropri- 
O  ate  for  the  field  of  education. 
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We  need  to  be  able  to  program  the  machines  ourselves  beca.  Apple  crrpora- 
tion  is  not  going  to  be  writing  our  physics  programs  for  us.  And  especially  if  we 
want  to  bring  students  into  the  opcmion,  simplicity  of  progr,vnming  is  of  utmost 
importance.  That  is  what  the  supposedly  more  ''sophisticated"*  machines  do  not 
have.  Sc^istication  without  simplicity  is  barren.  The  precise  is  there  but  the  pro- 
grams are  not 

It  is  not  true  that  increased  performance  requires  increased  complexity.  An 
Apple  n  at  4  MHz  would  possess  formidable  performance  and  yet  be  precisely  as 
easy  to  program  as  it  now  is.  And  such  performance  is  now  easily  attainable;  but 
unfcxtunately  the  ^le  corporation  is  not  currently  diq)osed  to  make  it  available 
to  us.  The  Apple  IIGS  is  not  an  upgraded  Apple  II;  it  is  a  downgraded  machine  of 
greater  intrinsic  complexity,  and  at  its  higher  speed  it  is  relatively  incompatible 
with  the  old  Apple  II  and  is  harder  tc  program.  I  know  of  none  who  is  program- 
ming in  physics  for  the  GS,  and  that  in  ^tself  suggests  that  the  machine's  premise  is 
foolish. 

For  educational  purposes,  the  ideal  machine  would  be  something  liho  an  Apple 
lie  with  DOS  3.3.  operating  at  4  MHz  with  128K  RAM.  and  with  one  channel  each 
of  A/D  and  D/A.  This  is  simply  an  implementation  of  current  technology.  U  would 
cost  no  more  than  now.  It  would  have  plenty  of  RAM;  indeed,  it  could  hold  half  a 
dozen  of  my  programs  simultaneously,  or  several  hundred  high-resolution  pictures. 
It  would  also  be  a  powerful  and  inexpensive  laboratory  instrument  capable  of  12 
freciuency  analyses  per  second.  Most  important,  it  would  be  easily  programmable. 
With  its  size,  power,  flexibility,  and  econor  y.  it  v3uld  represent  the  g«)cral-pur- 
pose  computer  of  choice  for  educators  well  into  the  twenty  first  century. 

That  is  the  direction  we  should  try  to  go. 


Macintosh  Demonstrations  for 
Introductory  Physics 

Irvin  A.  Miller  and  Richard  D.  Haracz 

Physics  Department,  Drexel  University,  Philadelphia,  PA  19104 

Each  Drexel  University  student  owns  or  has  access  to  a  Macintosh  computer.  The 
engineering  and  sci^ce  freshmen  are  inti-oduccd  to  Pascal  and  some  of  the  graph- 
ics c^ability  of  the  Macintosh  in  their  first  quarter.  The  two-quarter  introductory 
calculus-based  physics  course,  which  starts  the  following  quarter,  covers  mechan- 
ics and  wave  motion.  We  have  written  short  Pascal  programs  to  illusuatc  physical 
principles  or  their  applications. 

Each  program  illustrates  a  single  concept  or  topic,  such  as  the  difference 
between  static  and  kinetic  friction,  or  provides  a  gr^^hical  solution  to  a  problem, 
such  as  the  comparison  of  two  linear  motions.  The  programs  arc  used  as  short 
demonstrations  during  course  lectures.  They  immediately  follow  the  p/escntation 
of  a  concept  or  the  analysis  of  a  problem.  Many  use  graphic  animation  to  illustrate 
_  _9^.9ucnccs  of  events  or  motions. 
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Concentrating  on  a  single  concept  or  idea  reduces  the  complexity  of  the  physi- 
cal interactions  and  allows  variation  of  the  input  data  to  show  how  changes  in  one 
or  more  variables  affect  the  result  Thus  the  student  gets  a  visual  representation  of 
the  numerical  solution  and  a  beuer  understanding  of  the  relationships  between  the 
relevant  variables.  Since  the  data  set  is  small  and  a  single  execution  of  a  program 
usually  takes  less  than  two  minutes,  programs  can  be  run  in  the  middle  of  a  lecture 
without  disrupting  the  flow  of  the  overall  presentation. 

The  programs  are  written  in  MacPascal  and  have  been  converted  to  a  stand- 
alone iqrplication  using  the  PSHELL  software  in  MacPascal.  To  execute  the  q)pli- 
cations  on  the  Macintosh,  the  other  software  needed  is  Macintosh  system  software 
and  PSHELL.  When  a  program  is  opened,  eikher  the  drawing  commences  (as  for 
the  wave  reflections)  or  a  prompt  is  di^layed  in  the  *Texf*  window  on  ihe  screen 
for  the  input  of  some  data.  After  all  data  are  given,  the  program  executes  and  pre- 
sents the  graphical  solution  in  the  **Drawing**  window  of  MacPascal,  usually  with 
the  input  data  displayed 

The  software  is  also  available  to  students  for  individual  use.  Because  the  pro- 
grams run  quickly,  they  do  not  intimidate  the  student  The  short  time  commiunent 
encourages  reruns  with  varied  input  data.  An  additional  benefit  is  that  some  sui- 
dents  reinforce  their  Pascal  experience  by  delving  into  the  program  code. 

In  our  presentation,  we  demonstrate  some  examples  as  stand-alone  applications. 
Two  programs  illusurate  the  reflection  of  a  wave  pulse  at  a  fixed  and  free  end,  one 
program  shows  the  difference  between  static  and  kinetic  friction,  one  shows  the 
locations  of  two  vehicles  moving  with  constant  accelerations,  and  one  shows  the 
trajectories  involved  in  the  classic  projectile  problem  of  a  hunter  shooting  at  a 
monkey.  We  are  currently  trying  to  simplify  user  interaction  so  that  students  will  be 
able  to  concentrate  on  the  relationships  without  being  distracted  or  inhibited  by 
data  enUy. 

The  software  programs  Fixed  and  Free  Reflection,  Friction,  Car  &  Truck,  and  Monkey  &, 
Hunter  are  part  of  the  collection  Computers  in  Physics  Instruction.  Software,  which  can  be 
ordered  by  using  the  form  at  the  end  of  this  book. 


Teaching  High  School  Students  to 
Write  Physics  Simulations 

Joel  Goodman 

Cedar  Ridge  High  School,  Old  Bridge,  NJ  08857 


For  four  years  now,  the  science  department  of  Cedar  Ridge  High  School  has 
offered  a  course  that  uses  computers  to  i^lp  teach  science.  Prospective  students  are 
required  to  have  a  wcMrking  knowledge  of  BASIC  and  the  approval  of  their  current 
science  teachers. 
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The  written  materials  for  this  course  consist  mainly  of  lecture  notes,  though  we 
will  be  develc^ing  a  text  over  the  next  year.  So  that  students  may  complete  work 
on  their  home  computers,  we  have  acquired  Vic-20»  C64,  Apple  II,  and  IBM-com- 
patible computers.  This  course  is  quite  different  from  the  computer  science  courses 
offered  by  the  math  or  business  departments.  By  including  introductory-level  top- 
ics such  as  statistics,  CAD  and  three-dimensional  wiie-frame  drawings,  and  digital 
electronics,  the  course  exposes  students  to  a  broad  range  of  computer  fields  related 
to  science  that  they  may  wish  to  pursue  after  high  school. 

As  part  of  the  curriculum,  students  write  physics  simulations.  Writing  simula- 
tions has  much  educational  value.  To  write  successful  simulations,  students  must 
learn  the  fundamental  physics,  use  a  certain  amount  of  reasoning  to  write  and 
debug  programs,  and  study  the  results  for  accuracy.  In  the  process,  students  devel- 
op an  iq;>preciation  of  how  simple  simulations  can  be  used  to  obtain  .mmerical 
answers  to  problems  beyond  their  physics  or  mathematical  ability. 

The  unit  on  simulations  begins  with  a  review  of  random-number  generation  and 
simple  graphics.  The  first  program  is  a  simulation  of  Brownian  motion.  This  is  fol- 
lowed by  a  simple  panicle-in-a-box  model  for  a  gas.  Students  are  asked  to  change 
parameters  in  these  simulations,  observe  the  results,  and  discuss  deviations  from 
the  real  systems. 

Next,  students  develop  a  projectile-motion  simulation,  using  a  set  of  formulas 
to  find  the  height  and  range  as  a  function  of  launch  velocity,  launch  angle,  and 
time.  Students  must  then  improve  the  simulation  so  that  the  projectile  is  shown 
moving  at  a  scale  set  by  the  user.  The  simulation  must  run  in  real  time  (within 
hardware  limitations)  and  must  include  an  option  to  draw  scale  targets  (walls, 
inclines,  etc).  Since  about  half  of  the  students  taking  the  course  have  not  yet  had 
physics,  they  cannot  solve  problems  like  determining  the  angle  to  launch  a  projec- 
tile at  a  given  velocity  to  achieve  a  maximum  range.  Still  more  difficult,  is  answer- 
ing the  same  question  applied  to  landing  the  projectile  on  a  plane  inclined  as 
specified  by  the  user.  Using  simulations,  students  can  easily  find  numerical 
approximations  to  both  of  these  problems. 

Students  who  have  already  had  physics  experience  often  want  to  aUcmpt  some- 
thing more  difficult  Sometimes  they  try  to  simulate  the  action  of  a  rigid  pendulum. 
This  involves  torque  and  motion  in  angular  terms.  This  simulation  can  then  be  used 
to  determine  how  long  it  takes  for  a  rigid  pendulum  to  fall  through  a  given  angle. 
Although  this  problem  is  difficult  to  solve  with  only  an  introductory  background  in 
calculus,  students  can  apply  numerical  integration  techniques  learned  earlier  in  the 
course,  to  obtain  results  that  closely  agree  with  the  simulation. 

Depending  on  the  available  time,  students  can  go  on  to  develq)  simulations  on 
topics  such  as  clccuon  orbitals,  sound  waves,  and  light  waves. 
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The  Evolution  of  Computer 
Simulations  in  Physics  Teaching 

Harvey  Weir 

Departmaa  cf  Physics,  Memorial  University,  St.  John's,  NewfowuUand,  Canada 


Thm  ait  many  phystcil  pheiK>mm 

ply  iiiqx)ssible  lo  demcostnte  wiih  real  equqxnent  in  the  iriiystcs  classroom.  The 
potential  of  the  computer  to  simulate  such  phenomena  has  been  recognized  since 
its  invention.  This  paper  traces  the  evolution  and  benefits  of  computer  simulations 
in  physics  leaching  both  in  Great  Britain  and  North  America. 

Some  fear  Aat  simulations  wili  be  used  b  lieu  of  real  experiments  and  demon- 
stratiom,  and  that  p^iysics  education  will  suffer.  I  aigue  that  the  marr^ 
puter  and  interactive  videodisc  technologies  can  enhance  many  traditional 
simulations^  create  opportunities  fo^  whole  new  classes  of  simulations,  and  help 
students  bridge  the  gaps  between  ccnnputer  simulations  and  real  phenomena. 


Simulation  Laboratory  for 
General  Education  in  Natural 
Science 

Martin  H.  Krieger 

School  of  Planning,  University  of  Southern  California,  Los  Angeles  CA  90089-0042 

Genenu  cdiication  courses  in  the  humanities  require  students  to  read  the  great 
worics  of  literature  and  politics,  and  do  not  mediate  this  initial  reading  with  sec- 
ondary sources.  It  is  possible  for  general  education  in  courses  in  natural  science  to 
use  the  same  q}proach.  Such  courses  might  set  up  siuiations  in  which  students  con- 
front reasonably  complex  and  untamed  phenomena,  and  then  try  to  figure  out  not 
only  what  is  going  on,  but  what  might  be  of  interest  at  alL 

On  these  pedogogical  principles,  we  have  developed  a  simulation  laboratory  for 
teaching  the  general  education  science  course  for  honors  students  at  the  University 
of  Southern  California.^  The  laboratory  covers  two-dimensional  percolation,  an 
bing  model,  random  walk,  differential  equation  in  the  plane,  cellular  automata,  and 
a  Polya  ball-and-um  process.  The  software  is  reasonably  friendly  and  allows  stu- 
dents to  condua  a  varies  of  parametric  changes  so  that  they  can  experiment  in 
each  of  these  worids  and  look  for  what  might  be  calted  "inicrestir«  phenomena.** 

Our  simulation  laboratory  gives  students  an  Ising  model  or  percolation  and  tells 
them  little  about  the  expected  phen^^mena.  If  the  students  play  with  the 
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model — and  that  willingness  to  play  is  what  needs  the  most  encouragement— they 
will  begin  to  get  a  feeling  for  how  hard  it  is  to  Tmd  reproducible  effects,  and  for  the 
relationship  of  the  simple  to  the  complex  and  of  randomness  to  order— crucial 
themes  in  modem  physical  scidice. 

The  experiences  students  encounter  are  archetyi/al  of  modem  physical  science. 
The  linear  differential  equation  is  the  archetype  of  Newtonian  science.  Brownian 
motion  is  the  archetype  of  random  processes.  The  Polya  bali-and-um  (selecting 
balls  with  rq)lacemeni  determined  by  the  color  of  the  ball  picked)  nKXkls  noner- 
godic  processes*  that  is,  processes  that  are  sensitive  to  initial  conditions  and  that 
settle  into  a  final  state.  The  cellular  autonnaton  shows  how  complex  phenomena 
may  be  a  product  of  simple  niles  iteratively  i^Iied.  Percolation  shows  one  way  a 
seemingly  snKX>th  process  can  have  discontinuous  consequences,  and  how  small 
changes  in  a  parameter  (say,  infectiousness)  can  change  the  behavior  of  a  system 
radically  (from  no  spread  of  disease  to  ^idemic,  for  example;.  Pmning  a  percola- 
tion lattice  or  tree  is  a  good  way  of  introducing  algorithms  and  programs.  And  an 
Ising  model  is  a  story  of  phase  transitions  and  of  the  coherence  available  in  a  ran- 
dom coupled  thermodynamic  system. 

The  models  typically  are  about  N  =  20  on  a  side,  if  they  are  grids  (Ising,  perco- 
lation), or  hundreds  of  steps  if  they  are  sequential  random  processes  (random  walk, 
Polya  process).  In  the  long  run,  I  hope  to  modeF  several  of  the  processes  in  three 
dimensions,  so  that  dimensionality  will  become  a  parameter  of  mtcrest. 

The  simulations  are  actual  event-by-evcnt,  not  analytically  smoothed,  approxi- 
mations. Each  step  is  separately  generated  and  accumulated;  their  evolution  is  dis- 
played in  a  real-time  scale.  What  suidents  see  on  the  screen  is  the  whole  story.  The 
simulation  on  the  screen  is  all  there  can  be. 

The  computer  environment  has  other  benefits.  Suidents  who  feel  alien  to  appa- 
ratus and  equipment  seem  to  be  more  comfortable  in  the  clean  worid  of  the  PC.  We 
do  give  up  the  rite  of  passage  represented  by  "wet**  or  mechanical  laboratories,  but 
this  sacrifice  allows  us  to  give  suidents  the  difHcult  experience  of  finding  some- 
thing interesting  in  this  tame  but  varied  laboratory.  Students  also  Icam  that  a  com- 
puter is  not  just  a  number  cruncher  or  a  big  file  manager.  As  Zibusky  suggests, 
there  are  synergistic  effects  from  experimenting  on  the  machine — surprising 
effects  you  would  not  see  in  the  analytic  mcKfe  (including  fluctuations  and  idiosyn- 
crasies).^ 

The  laboratory  worics  reasonably  well.  Students  eventually  understand  that 
there  is  no  right  answer;  their  problem  is  to  find  something  interesting.  I  should 
note  that  at  my  university  some  of  the  best  uniergraduf^tCd  are  in  cinema  and  jour- 
nalism, and  their  universe  is  rapidly  being  populated  by  graphics-intense  computer 
environments. 

The  software  Simulation  Lab  sets  up  the  variety  of  experimental  worids  in 
which  students  can  vary  paranv^rs,  and  fo^  random  processes,  do  tuany  nonidenti> 
cal  runs.  Though  the  laboratory  is  designed  for  freshman  undergniduatcs,  it  might 
well  be  useful  for  seniors  majoring  in  physics.  In  any  case,  the  laboratory  is  quite 
friendly,  and  the  graphics  are  straightforward  and  helpful. 

The  software  is  completely  self-contained  with  the  six  models  described  above 
O  ,nd  includes  built-in  help,  including  explanations  of  the  models.  At  the  prompt, 
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one  types  sindab,  a  menu  appears,  and  ihe  rest  is  self-explanatory.  A  PC  XT  with 
S12K  and  either  a  text  monitor  or  a  color  graphics  monitor  is  all  that  is  needed. 

Acknowledgments:  Richard  Martin  did  all  the  programming  and  is  responsible 
for  the  friendliness  and  look  of  the  laboratory.  The  research  was  supported  by 
Exxon  Education  Fbundation  and  by  Project  Socrates,  a  grant  from  IBM  to  the 
University  of  Southern  California,  as  well  as  the  Thematic  Option  Honors  Program 
of  the  University.  The  course  syllabus  and  a  more  detailed  paper  arc  available  from 
the  author. 

The  software  program  Simulation  Lab  is  pan  of  the  collcclion  Computers  in  F'hysics 
In^ruction:  Scfiware.  which  can  be  ordered  by  using  ih^  'oxm  at  the  end  of  this  book. 
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Simulation  of  a  Rigid  Pendulum 


Joel  Goodman 

Cedar  Ridge  High  Schooi  Old  Bridge,  NJ  08857 


Tc  help  high  school  and  college  physics  students  understand  the  variables  affecting 
the  mouon  of  a  rigid  pendulum,  I  have  developed  a  microcomputer  program  that 
siir:ulatcs  the  action  of  the  pendulum  graphically.  In  this  graphic  simulation,  the 
student  has  control  over  4^  number  of  parameters  including  gravitational  accclcra- 
tior..  the  length  of  the  pendulum,  and  the  uisiribution  of  mass.  The  student  can 
measure  parameters  that  are  difficult  to  measure  in  an  actual  experiment,  such  as 
the  intcrvai  of  lime  between  any  two  angles,  or  the  tangentipJ  velocity.  The  student 
can  also  change  factors  that  cannot  be  controlled  in  ihe  laboratory,  such  as  the 
gravitational  acceleration.  The  student  can  opt  to  continually  display  digital  values 
of  'imc,  angle,  and  other  data,  and  can  step  the  motion  of  the  pendulum  marraally 
at  single  intervals  of  time  or  make  it  move  in  real  time.  Operating  instructions  for 
the  simulation  arc  availabl  •  at  all  times  through  a  help  key. 

To  start  the  simulation,  the  student  specifics  various  parameters  involved  in  a 
rigid  pendulum  in  a  dala-cntiy  screen.  These  result  in  a  graphic  depicuon  of  a  pen- 
dulum. The  computCi''  allows  students  to  make  changes  quickly,  to  use  values  that 
have  a  much  greater  langc  than  in  real  life.  Accurate  results  are  easy  to  obtain  and 
arc  not  influenced  by  unwanted  extraneous  factors  or  poor  lab  technique.  No 
O   sqii'pment  (other  than  the  computer)  is  required. 
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This  graphic  simulation  offers  numerous  advantages  over  a  laboratory  setup, 
and  il  can  be  used  in  a  number  of  educational  situations.  The  way  it  is  used  is 
entiidy  up  to  the  teacher  or  the  student  When  the  texher  uses  the  simulation  to 
demomtrate  the  behavior  of  a  rigid  pendulum  to  a  large  class,  the  progiam  allows 
for  quick  changes  to  be  made  in  response  to  student  suggestions.  When  the  Simula* 
lion  is  used  for  snudler  lab  groups,  the  groups  can  be  asked  to  explore  what  factors 
affect  the  period  of  the  pendulum.  This  could  be  a  qualitative  or  quantitative  exper- 
iment Individual  students  can  use  the  computer  to  check  results  obtained  from  a 
lab,  performed  with  a  real  pendulum.  Students  can  also  compare  the  action  of  the 
rigid  pendulum  to  that  of  a  pendulum  in  simple  harmonic  motion.  The  ^mutation 
can  idso  be  used  to  provide  numerical  solutions  to  various  probtems,  which  can 
range  from  finding  the  kinetic  energy  at  a  given  height  to  determining  the  time 
required  for  a  long  pole  to  fall  to  a  horizontal  position. 

Like  many  simulations,  the  rigid-pendulum  simulation  is  not  always  an  ideal 
pedagogical  choice.  Since  no  equipment  is  required,  it  diminishes  the  importance 
of  laboratory  technique,  a  skill  that  students  frequently  need  to  develop.  The  simu- 
lation also  tends  to  diminish  the  opportunity  for  discovery  or  inventiveness, 
because  it  provides  all  the  simulated  equipmci^t,  along  with  a  list  of  panuneters. 

Future  additions  to  the  program  will  include  options  for  damping  the  motion, 
applying  a  peiiiAiic  torque,  using  different  mass  disuibutions,  and  graphing  various 
results  versus  time  or  angle. 

The  software  program  Rigid  Pendulum  Simulation  is  part  of  the  collection  Computers  in 
Physics  Instruction:  Software,  which  can  be  ordered  by  using  the  fonm  at  the  end  of  this 
book. 


Graphs  and  Tracks 


David  Trowbridge 

Center  for  Design  of  Educational  Computing,  Carnegie  Mellon  University,  Pittsburgh, 


Researchers  in  physics  and  mathematics  education  have  documci.tcd  several  com- 
mon difftcultics  that  students  have  with  drawing  graphs  of  motion.'  These  difficul- 
ties include  not  representing  continuous  motion  by  a  continuous  line,  not 
distinguishing  the  shape  of  a  graph  from  the  path  of  the  motion,  and  not  represent- 
ing the  continuity  of  velocity  (i.c.,  kinks  in  a  position-vs.-timc  plot). 

Uraphs  and  Tracks  is  a  two-part  educational  software  package  dealing  with 
gr^hs  of  motion.  In  the  nrst  part^  students  are  shown  graphs  of  position,  velocity, 
and  acceleration  vs.  time.  They  then  try  to  create  arrangements  of  sloping  tracks  on 
which  a  rolling  ball  executes  the  motions  represented  in  the  given  graphs.  In  the 
second  part,  students  walch  demonsu^tions  of  animated  motions  and  then  sketch 
O     gr^hs  on  the  screen  that  correspond  to  those  motions. 
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Part  I,  •Trom  Graphs  to  Motion,"  displays  graphs  of  position,  velocity,  and 
accelefadon  for  a  number  of  examples  of  rectilinear  motion.  The  student  is  pro- 
sewed  wiu .  an  adjustable  set  of  sloping  imcks,  and  with  scales  of  initial  position 
and  initial  velocity.  The  student  is  asked  to  set  up  an  anangemcnt  with  suitable  ini- 
tial  conditions  so  that  when  a  ball  rolls  on  those  tracks,  the  graphs  it  generates 
match  the  given  grq)hs.  Students  use  a  moi^  to  adjust  the  incline  of  the  ramps 
and  to  set  the  initial  position  and  initial  vekxity  of  the  ball.  They  may  use  either 
the  coUectioo  of  built-in  examines*  or  can  dePine  their  own  examples,  A  •'help" 
facUfiy  pcovides  ^ecific  suggestions  for  correcting  errors,  and  works  equally  well 
for  any  problem  that  can  be  entered  using  the  arrangement  of  the  tracks. 

Part  2,  Trom  Motion  to  Grq>hsr  poses  the  complementary  task:  given  a 
motion  and  a  verbal  description  of  that  motion  (generated  automatically  by  the 
computer),  sketch  the  corrcqxmding  graphs  of  position,  velocity,  and  acceleration 
vs.  lime.  The  graphs  *ieed  not  be  precise  to  be  judged  as  correct,  but  they  must  rep- 
resent the  most  salient  features  of  the  motion  correctly.  For  instance,  an  object  tiav- 
eling  in  the  positive  x-direction  and  speeding  up  should  be  represented  by  an 
upward  curving  x-vs.-/  graph.  The  program  looks  for  common  kinds  of  errors  and 
gives  appropriate  feedback.  The  facility  for  giving  feedback  is  comptetcly  general; 
specific  help  can  be  given  that  refers  to  particular  segments  of  the  student's  graphs, 
«nd  this  help  can  be  automatically  generated  for  any  problem  that  can  be  created 
using  the  Graphs  and  Tracks  simulation. 

Students  may  ask  for  feedback  on  their  graphs  at  any  time.  The  program  is  able 
to  evaluate  both  the  overall  qualitative  correctness  of  the  graphs,  and  the  detailed 
aUributcs  such  as  differentiability  of  x-vs.  continuity,  and  correspondence  of 
segments  among  different  graph  types.  The  evaluation  facility  of  "From  Motion  to 
Graphs**  was  built  using  the  specific  research  results  on  student  difTicuIlics  with 
graphs.  For  example,  the  program  anticipates  and  gives  feedback  on  student  graphs 
that  do  not  represent  continuous  motion  by  a  continuous  line,  that  do  not  distin- 
guish the  shape  of  a  graph  from  the  path  of  the  motion,  or  that  do  not  represent  the 
continuity  of  velocity.  These  errors  have  been  documented  as  common  errors  of 
students  drawing  graphs  of  motion. 

Working  in  pairs,  participants  in  my  workshop  will  examine  the  main  features 
of  Ac  Graphs  and  Tracks,  including  interactive  documentation,  context-specific 
help,  and  feedback  keyed  to  predictable  student  difKcultics,  and  will  work  through 
a  few  problem  examples. 

Graphs  and  Tracks  is  an  example  of  rcscarch-bascd  software.  The  program  was 
produced  by  incorporating  results  of  research  conducted  by  the  physics  education 
group  at  the  University  of  Washington.  It  was  implemented  using  the  cT  program- 
ming environment  developed  by  the  Center  for  Design  of  Educational  Computing 
at  Carnegie  Mellon  University,  Graphs  and  Tracks  illustrates  a  way  in  which  spe- 
cific student  difficulties,  uncovered  by  research,  can  be  targeted  for  remediation 
using  a  highly  interactive,  graphically  oriented  computer  program. 

1,  L.  C.  McDcrmott.  M.  Roscnquist,  and  E.  H.  van  Zee,  "Sluden.  Difficulties  in 
Connecting  Graphs  and  Physics:  Examples  from  Kinematics."  Aii:  J.  Phys.  55,  6 
(1987).  ^ 
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Using  Computer  Simulations  of 
Orbital  IS^otion 

ChirietE.  Ptirct 

Pkftks  md  CkmiMry  Dtpartmm,  Canon  City-Crysud  High  School,  Canon  City,  Ml 

mil 


Conpolfir  fhnulatton  of  ofbital  motion  can  allow  imenctive  observation  of  ocbit- 
iilf  obitctf.  tWi^  a  heliocentric  aetti^ 

iniMeitt  the  timulrton  fiidlitaief  ihe  dtspli^  of  foice  vecioci  at  any  time  during 
the  oibit  After  the  obaervation,  students  can  test  the  simulation  of  the  orbiting 
objects  on  hard  copy  to  reinforce  problem-solving  techniques  without  being 
restricted  to  aqnssing  their  knowledge  of  ori)its  to  formulas  or  a  set  o^ 
data. 

I  have  developed  an  Applesoft  BASIC  program.  Orbital  Motion,  that  allows  the 
user  to  imenct  with  the  prognm  and  lest  the  prognm*s  simulations  making 
actual  neasikenients  off  the  hard  copy  and  substituting  (hose  measurements  into 
proporttons  made  from  relevant  variables.^ 

The  student  uses  Kq>ler*s  diird  law  lo  predKt  (he  correct  Vy  (vertical  velocity) 
lequired  lo  produce  an  ""oibit**  when  a  new  "^us**  is  selected.  Kepler*s  (hiid  law 
demoQStniies  that  the  force  of  attvactkm  (f)  between  two  objects  is  inve^ 
porttooal  10  die  square  of  (he  distance  {B)  between  those  objects.  It  also  demon- 
strates that  the  cube  of  the  average  radius  of  orbit  is  proportional  to  the  satelU(e*$ 
period  squared,  and  (hat  the  satellite*s  orbiul  vekxity  is  inversely  proportional  (o 
the  square  of  its  average  radius. 

Qtmhic  printouu  enable  (he  student  to  perfonn  the  analytical  evaluation  of  (he 
above  otjiectivcs  or  predict  new  values  of  (hose  sam^  variables  for  a  ne  *  txptn- 
mem. 

The  software  program  Orbital  Motion  is  part  of  the  collection  Computers  in  Physics 
Instriiction:  Software^  ^K^cmhtixdctodbym 

1.  Hsiold  J.  Bail^  and  J.  Edward  Kcrltn«  Apple  Graphics  Activities  Handbook  (Bowie« 
MD:  Robert  J.  Brady  1984);  David  Hallid^  and  Robert  Rctnick.  Physics,  pvts  1 
and  2  (New  York:  Wiley.  1966);  Franklin  Miller.  Jr^  Thomai  J.  Dilk>n«  md  Malcolm  K. 
Smith*  Concepts  in  Physics  (New  York:  Harcourt  Brace.  '^80);  Lon  Poole.  Martin 
McNiff,  and  Steven  Cook.  Apple  II  User's  Guide  fo'  Appie  II  Plus  and  Apple  lie 
(BcrkelQr:  Oibome/McGrau  .lUl.  19S5). 
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Physict  Computer  Simv'^atioM 


Simulation  Programs  for  Elementary 
Physics  Courses 

H$nM  S%fmn 

Pk^Dtprnmrnt,  SumisiMitute  cfTtchkdogy,  Hobcken,  NJ  07030 


Since  September  1983  every  entering  student  at  the  Stevens  Institute  of 
1bdinok)gyliMownedamk»x»n^^  but  is 

now  m  ATAT  6310  (IBM  AT-compitibie). 

I  diAribme  mppkmenitir}*  !!)aterial  for  my  introductory  physics  courses  through 
the  Stevens  oompmc^'  netwvtk.  Dnogram^  are  placed  on  a  fiie  server  and  s^rdents 
bring  ibeir  dUeaet  to  the  computer  center  lo  copy  the  files,  using  one  <^  many 
networked  microcompucn-  We  are  now  extending  the  network  to  the  dormitory 
rooms  ao  that  stndenu  will  be  able  to  access  the  server  from  their  0W11  machirie^ 

My  programs  give  studenu  a  chance  to  see  grqrtiic  rqxesentations  of  physical 
phenomena  that  they  wouU  not  be  aUe  to  see  without  a  computer.  In  generri.  the 
smdem  enters  a  nun4)er  of  parameim  for  the  phenomena  and  the  computer  a 
out  cakuhticnt  and  presents  resulu  for  the  given  parameters,  lb  overcome  the 
time  coQSMinu  of  most  plotting  routines,  which  tAe  a  long  time  to  draw  a  large 
number  of  curves.  I  have  written  seveml  of  my  programs  with  ^'fast  graphics** 
(direct  access  to  the  video  screen)  to  speed  up  the  drawing.  At  the  present  time, 
only  PRQ/3S0  veriioos  of  these  fast*gri^ics  programs  are  available,  but  most  or 
all  of  them  will  have  been  translated  to  IBM  AT-compatible  programs  by  the  time 
of  theconfcfenoe. 

I  will  demonstrate  five  programs. 

Orbit  is  a  simple  BASIC  program  that  integrates  the  orbit  equation  for  a  general 
atttactive  power*law  potential.  Cr^.  and  plots  the  orbit  The  user  may  input  the 
power.  V.  and  the  (scaled)  maximum  or  minimum  radius  as  well  as  the  step  size  for 
the  integration  (an  issue  of  waiting  time  vs.  accuracy)  and  the  number  of  loops. 
This  program  gives  students  a  chance  to  see  that  most  orbits  are  not  closed,  de^itc 
the  fact  that  Kepler  and  harmonic*oscillator  orbits  are. 

Efield  draws  lines  of  force  in  a  plane  for  a  user-specified  set  of  point  charges  in 
that  plane. 

Waye  uses  fast  graphics  to  produce  moving  curves  representing  the  superposi* 
tion  of  two  sinusoidal  waves  moving  along  the  same  line.  The  apparent  movemcm 
is  produced  by  rapidly  erasing  the  curves  and  redrawing  them  in  their  changed 
fonn  and  position.  (On  the  PRO/3S0.  the  curves  are  erased  and  redrawn  about  six 
times  a  second)  The  user  h^s  control  of  the  wavelengths,  amplitudes,  and  speeds 
of  the  two  component  waves.  Rvj  examoles  with  already  determined  parameters 
are  also  avaiteUe. 

Fourier  uses  fast  graphics  to  illustrate  the  convergeiKe  of  Fourier  series  and 
show  the  forms  of  the  sums.  A  large  number  of  terms  may  be  added  and  all  inter- 
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mediate  sums  are  plotted  and  then  replaced.  In  addition  to  preset  examples  demon- 
strating some  well-known  Fourier  series,  input  may  be  taken  from  a  user-prepared 
file  listing  the  parame4ers  for  the  terms  of  the  series.  I  also  find  this  useful  to 
demonstrate  results  in  some  of  my  m(xe  advanced  courses. 

Damp  is  a  BASIC  program  that  plots  the  solution  for  damped  harmonic  motion 
for  given  finequency,  damping  constant,  and  initial  conditions.  The  user  may  also 
see  phase*q)ace  plots  (x-vs.-p). 

I  have  found  using  these  programs  to  be  an  enjoyable  and  intuition-building 
experience  foe  me.  I  hope  it  will  be  for  you  as  well. 


Animated  Waves  and  Particles 


Eric  T.  Lane 

Physics  Depot  iment.  University  of  Tennessee  at  Chaitanooga,  Chaitanooga,  TN  37403 


The  dynamic  concepts  of  waves  and  pulses,  the  kinetic  theory  of  particles,  and  the 
behavior  of  electron  waves  cannot  easily  be  demonstrated  in  classroom  demonstra- 
tions or  laboratory  experiments.  The  guided  simulation  Animated  Waves  and 
Particles  is  a  convenient  way  for  students  to  learn  such  concepts.  The  software 
provides  an  intmctive  environment  with  immediate  feedback,  which  allows  stu- 
dents to  learn  more  effectively.  It  may  be  used  at  any  educational  level — from 
grade  school  through  introductory  tmiversity  courses.  It  is  effective  in  several  dif- 
ferent educational  modes:  as  a  dynamic  demonstration  in  the  classroom,  as  a  com- 
plement to  laboratory  experiments,  or  as  an  individual  tutorial. 

Animated  Waves  and  Particles  is  divided  into  three  parts.  The  first  part,  "Waves 
and  Pulses,**  covers  standing  waves,  pulses,  group  velocity,  Dopplcr  effects,  and 
electromagnetic  waves.  The  treatment  of  standing  waves  demonstrates  the  con- 
cepts of  sine  and  cosine  waves,  wavelength,  amplitude,  traveling  waves,  and  a 
standing  wave  composed  of  the  superposition  of  two  equal  amplitude  waves  travel- 
ing in  opposite  directions.  The  treatment  of  pulses  illusuates  the  addition  and  can- 
cellation of  pulses,  including  the  effects  of  reflec':on  of  pulses  at  fixed  and  free 
ends  of  a  string  or  spring.  Group  velocity  is  shown  by  the  motion  of  waves  within 
a  group,  the  motion  of  the  group  alone,  and  two  real-worid  applications:  dccp- 
watcr  waves  and  capillary  waves.  The  treatment  of  Dopplcr  effects  for  sound 
shows  the  apparent  shortening  of  wavelength  as  a  source  of  sound  moves  toward 
us,  compared  to  the  apparent  increase  in  frequency  as  wc  move  toward  a  source. 
Also  shown  is  the  effect  of  high-speed  motion.  The  ueatmcnt  of  clecu-omagnctic 
waves  shows  the  same  rclativistic  Dopplcr  effects  of  shorter  wavelength,  increased 
frequency,  and  increased  amplitude  regardless  of  how  the  source  and  observed 
move  toward  each  other. 
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"Waves  and  Pulses'*  provides  an  attractive,  interactive,  randor  display  of 
waves  and  pulses.  This  display  motivates  the  student  to  experinieni  with  waves  of 
difTerent  wavelength,  speed,  and  amplitude.  The  student  controls  the  number  of 
waves  on  the  screen,  their  velocity,  their  amplitude,  and  their  appearance  on  the 
screen.  The  student  can  explore  the  possibilities  of  any  combination  of  two  moving 
waves. 

The  second  part  of  Animated  Waves  and  Particles,  "Particle  Motion,"  covers 
kinetic  theory,  Biownian  motion,  gravitational  effects.  Maxwell's  Demon,  electric 
conduction,  and  magnetic  effects.  The  treatment  of  kinetic  theory  shows  the  effects 
of  particle  speed  on  temperature  and  pressure,  including  sound  effects  proportional 
to  the  pressure  of  a  simulated  ideal  gas.  The  treatment  of  Brownian  motion  demon- 
strates theeffect  of  density  on  the  mean  free  path  of  diffusing  particles  and  also  the 
effect  of  diffusion  of  particles  in  a  closed  room.  The  treatment  of  gravitational 
effects  on  a  cdlection  of  free  particles  shows  the  exponential  density  distribution 
as  wc*i  as  the  escape  of  high-speed  particles  from  low  gravity.  Maxwell's  Demon 
is  shown  as  the  equilibrium  of  particles  diffusing  through  a  hole  in  a  wali.  There  is 
also  an  elementary  demonstration  of  the  entropy  concept  The  treatment  of  electric 
conduction,  demonstrates  the  drift  velocity  of  charged  particles  in  an  electric  field 
when  collisions  occur.  The  treatment  of  magnetic  effects  shows  the  charges  mov- 
ing in  circles  in  a  magnetic  field.  Also  shown  is  the  Hall  effect,  when  an  electric 
field  is  imposed  and  collisions  are  allowed. 

The  third  part  of  Animated  Waves  and  Particles,  "Electron  Waves,"  tells  an 
illustrated  stcKy  of  the  development  of  the  concept  of  the  wave  nature  of  the  elec- 
tron, its  constructive  interference  in  a  stable  orbit,  and  its  destructive  interference 
as  it  makes  transitions  from  one  energy  level  to  another  when  light  is  absorbed  or 
emitted.  The  treatment  of  constructive  interference  shows  how  the  wavelike  nature 
of  the  electron  requires  an  integral  number  of  wavelengths  around  the  atom.  The 
treatment  of  destructive  interference  demonstrates  what  happens  when  we  try  to 
use  a  nonintegral  number  of  wavelengths  for  the  electron  around  the  atom.  Also 
shown  is  the  transition  as  the  number  of  waves  changes  as  the  electron  goes  from 
one  energy  level  to  another,  absorbing  or  emitting  light  of  the  proper  energy. 

Animated  Waves  and  Particles  gives  the  instructor  a  selection  of  animated 
demonstrations  to  use  in  class,  in  the  laboratory,  or  for  tutorials.  The  dynamic 
nature  of  the  demonstrations  provides  motivation  for  students  to  view  the  anima- 
tions and  experiment  with  the  interactive  wave  displays  and  the  electron-wave 
interference  displays.  The  wide  variety  of  the  animations  offers  the  student  a  rich 
experience  in  areas  that  are  otherwise  difficult  to  understand.  No  computer  skills 
are  required,  except  that  the  user  turn  on  the  microcomputer,  insert  the  disk  proper- 
ly, and  use  a  keyboard  to  prompt  a  menu  of  choicec. 

The  software  program  Animated  Waves  and  Particles  is  part  of  the  collection  Con^■  jers  in 
Physics  Instruction:  Software,  which  can  be  ordered  by  using  the  form  at  the  end  of  U}is 
book. 
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Animation  on  the  IBM  PC 


Eric  T  Lane  and  Daniel  B.  Lyke 

Physics  Department,  University  of  Tennessee  at  Chattanooga,  Chattanooga,  TN  37403 


■f  The  IBM  PC  program  Animated  Waves  and  Particles  allows  students  to  see  the 

dynamic  simulation  of  waves  and  pulses*  particle  motion  in  kinetic  theory  and 

t  electric  conduction,  and  electron  waves  around  an  atom.  The  interactive  anima- 

tions allow  the  student  to  try  out  the  behavior  of  the  waves,  particles,  and  electron 
waves.  The  animations  are  coded  in  the  C  language  using  an  optinazing  compiler 
for  sped.  The  m^u  and  text  displays  are  all  written  in  a  version  of  BASIC  to 
allow  teachers  and  others  to  write  their  own  versions  of  the  programs  using  the  ani- 
mations. 


A  Potpourri  of  Color  Graphics 
Enhancements  of  Classroom 
Presentations 


Clifton  Bob  Clark 

Department  of  Physics  and  Astronomy,  University  of  North  Carolina  at  Greensboro, 
Greensboro,  NC  27412-5001 


To  show  students  how  to  draw  principal  rays  for  thin  lenses  and  spherical  mirrors 
in  the  absence  of  spherical  aberration,  I  have  written  two  software  programs  in 
BASIC  for  a  Heath/Zenith  Z-100  microcomputer.^  Each  program  is  available  in  a 
version  for  students  to  use  in  a  uitorial  outside  of  class. 

For  each  of  the  programs*  the  student  gives  focal  length,  object  distance,  and 
height,  and  the  program  calculates  the  image  position  and  height  For  a  lens,  the 
scale  drawing  shows  the  object,  lens  Cine),  principal  axis,  and  focal  points.  Each  of 
the  three  principal  incident  and  transmitted  rays  is  drawn  and  erased  four  times, 
and  then  drawn  a  fifth  time.  The  instructor  controls  the  interval  between  drawing 
the  rays,  so  he  may  describe  as  much  or  as  liule  as  he  wishes.  Each  of  the  rays  is  in 
a  different  color  (red,  green,  blue).  Any  extensions  or  virtual  paths  are  shown  in 
yellow.  The  program  then  draws  the  in^age. 

For  a  mirror,  the  object,  principal  .is,  focal  point,  center  of  curvatiire,  and  the 
bending  line  are  shown.^  There  are  four  rays  in  red,  green,  blue,  and  mag^nta,  with 
extensions  in  yellow. 
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The  programs  accommouate  any  single  lens  or  mirror  with  real  or  virtual,  and 
upright  or  inverted  object  The  student  works  out  mulUplc-lcns  or  mirror  problems 
one  at  a  time. 

Another  program  for  the  Heath/Zenith  Z- 100  is  a  sequence  of  drawings  v  ig 
the  commercial  software  package  Palette.'^  Successive  drawings  show  the  pre  ac- 
tion of  a  Liss  ^  as  figu  :  for  equal  amplitudes  and  frequencies  of  the  two  rectangu- 
lar component  oscillators,  with  phase  difference  described  as  "x  leads  y  by  45** " 

I  have  also  written  a  number  of  programs  that  will  run  on  any  IBM-compatible 
microcomputer.  Teachers  may  use  existing  commercial  spreadsheet  software 
(Lotus  J'2'3  and  SuperCaM)  for  classroom  presentations  concerning  oscillators, 
beginning  with  Feynman's  simultaneo'is  iiitroduciion  of  simple  harmonic  motion,"* 
and  numerical  integration  by  the  "half-step"  method.  The  use  of  the  spreadsheet 
eliminates  the  tedium  of  the  calculations,  makes  the  technique  clear,  and  allows 
rapid  and  relatively  painless  production  of  graphs  that  can  be  aliervMl  to  show 
effects  of  changing  parameters.  My  software  fM-escnls  examples  of  damped  oscilla- 
tors (overdampcd,  critically  damped,  and  underdamped),  and  the  f!iiven-dampcd 
oscillator  (resonance  phenomena  and  phase-angle  relations). 

The  notation  is  consistent  with 

a  +  27v+  o>[p'X=fQCOs  (cot), 

for  the  equation  of  motion,  with  A  used  for  displacement  amplitude,  subscripts 
denoting  maximum,  and  P  for  the  phase  difference  angle. 

The  undriven  (fo  =  0)  overdampcd  oscillator  ((Oq^  <  7^)  and  the  critically 
damped  oscillator  (Q\p'  =  y^)  spreadsheets  allow  the  user  to  sec  the  graphs  for  ini- 
tial conditions,  where  the  oscillating  mass  is  released  from  rest  and  a  positive  dis- 
placement and  asymptotically  approaches  the  origin.  In  textbooks,  these  arc 
usually  the  only  graphs  shown.  The  spreadsheets  also  show  graphs  for  other  initial 
conditions  in  which  the  mass  crosses  at  most  once  through  the  origin. 

The  underdamped  oscillator  (w^^  >  y^)  spreadsheets  allow  the  usual  plots  of 
displacement  vs.  time,  with  damping  envelopes  -/I  cxp  (  -yt)  and  A  cxp  (  -yr). 
Here  one  can  easily  point  out  the  difference  in  the  points  of  tangency  to  ih 
envelopes  and  the  relative  minimum  and  maximum  points.  The  spreadsheets  for 
the  drivcn-dampcd  oscillator  present  relations  between  the  ratio  of  fhe  steady-state 
displacement  amplitude  lo  the  maximum  amplitude  and  the  driv.ng  frequency. 
Specifically,  the  relation 

(A/AJ^={l(a)o//)-((o/yjf^ 

yields  the  familiar  bcll-shapcd  resonance  curve  for  discussions  of  half-width,  of 
an  oscillato^  and  the  resoian^^,  damped,  and  undamped  frequencies.  Die  abscissa 
is  (O)/  y),  and  the  parameter  (wo/y)  is  easily  changed. 

Also  available  is  a  spreadsheet  for  the  relation  between  the  phase  difference 
between  the  driver  and  the  displacement,  as  given  by 

f  =  ai':tan  {2((o/ o)o) /[((Oo/ y){l -((o/ o)o)^]} 

where  the  abscissa  is  ((o/  (Oq)  and  the  parameter  (o)q  I  y)  is  easily  varied. 
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Spieadsheets  by  C.  B.  Claric  for  Lotus  1-2-3  are  part  of  the  collection  Coh4)uiers  in  Physics 
Instruction:  Software^  which  can  be  ordered  by  using  the  form  at  the  end  of  this  book. 

1.  Clifton  Bob  Clark,  ^'A  Color  Computer  Program  for  Thin  Lens  Ri^  Diagrams,**  aaft 
AniKxmcer  15,  51  (May  1985);  "A  Color  Computer  Program  for  Spherical  Mirror  Ray 
I>i«grams,**AAPT  Announcer  16, 62  (May  1986). 

2.  Clifton  Bob  (Hark,  "Ray  Diagrams  for  Spherical  Miirors  in  Introducto^^  Texts,**  aapt 
Announcer  14, 94  (May  1984). 

3.  Po/^  (St  Charles,  MO:  Software  Wizardry,  Inc.). 

4.  Richard  Feynman,  Robert  B.  Leighton,  and  Mathew  Sands,  The  Feynman  Lectures 
(Reading,  MA:  Addison-Wesley,  1963? 


Software  Packages  for  High 
School  Optics 

David  Singer  and  Uri  Ganiel 

Department    Science,  Weiznumn  Institute  ofScierxe,  Rehovot  76100,  Israel 


We  will  demonstrate  three  software  packages  designed  to  enhance  the  study  of 
geometrical  optics  'J1  high  school.  The  packages  include  all  nec<;ssary  instructions, 
so  they  can  be  used  by  individual  students  without  any  additional  guidance.  The 
packages  are  available  for  Apple  II  (+,  e,  c)  and  for  IBM  PC  microcomputers.  Tlic 
Apple  versions  can  run  with  either  monochrome  or  color  monitors.  The  IBM  ver- 
sion is  for  a  color  monitor  (CG  A  card  necessary). 

Hide-and-Seek  in  Mirrors 

One  of  the  basic  principles  in  geometrical  optics  is  the  law  of  reflection.  The  law 
itself  is  simple,  and  by  using  it,  the  student  can  understand  the  formation  of  images 
in  plane  mirrors. 

In  a  plane  minor,  the  image  is  located  behind  the  mirror  at  a  location  that  is 
symmetric  witli  the  source  with  regard  to  the  plane  of  the  mirror.  Many  studies 
show  that  students  have  difHculty  understanding  the  concept  of  an  image's  location 
lehind  the  mirror:  t^cy  think  that  the  image  is  located  on  the  plane  of  the  mirror. 
Our  package  enables  the  student  to  broaden  and  consolidate  his^c^  understanding. 

The  program  includes  two  parts:  a  tutorial  and  a  game.  In  the  tutorial,  a  cross- 
section  of  a  plane  mirror  appears  on  the  screen.  The  locatiori  and  si/x;  of  the  mirror 
change  randomly  Two  random  points  appear  in  front  of  *he  mirror.  The  student  has 
to  decide  wheth^  a  person  located  in  one  of  the  points  can  see  the  image  of  the 
other  point  in  the  mirror.  Th^  student  develops  a  strategy  for  making  thir  decision 
by  using  the  graphic  representations  that  appear  on  the  screen. 
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In  the  game,  ihe  computer  "hides**  ai  a  random  location  in  front  of  a  plane  mir- 
ror. The  student  has  to  find  this  location  in  an  optimally  small  number  of  steps.  In 
each  step  the  student  locales  himself  in  one  of  220  possible  points  in  front  of  the 
mirror.  The  computer  tells  the  student  whether  it  "sees**  the  student's  image  in  the 
mirror. 

After  each  step  the  student  receives  some  feedback.  Using  this  feedback,  the 
student  can  use  the  law  of  reflection  and  the  various  symmetry  properties  that  fol- 
low to  dcvclq)  an  intelligent  strategy  to  proceed  successfully.  Imp(Mtant  advan- 
tages of  the  computer  arc  the  instant  feedback  and  the  possibility  of  playing  the 
game  repeatedly,  where  each  time  a  new  situation— and  therefore  a  new  chal- 
lenge— is  presented.  The  game  is  designed  to  improve  students*  motivation,  inter- 
crt,  and  understanding.  We  are  presently  evaluating  its  success. 

Fermafs  Principle 

The  laws  of  reflection  and  refraction  can  be  derived  from  Format's  principle,  thai 
the  lime  light  takes  to  travel  between  two  points  has  a  stationary  value,  wh?vh  usu- 
ally is  simply  a  minimum.  Proving  this  principle  for  the  case  of  rcflecirjn  is  siir*- 
ple;  but  Cor  the  case  of  refraction,  proving  the  principle  is  too  maiiiematirally 
complex  for  high  school  students  and  is  usually  avoided.  The  principle  i:  «c  inipor- 
tant,  however,  that  it  ought  to  be  introduced. 

In  this  module  the  student  is  engaged  in  a  simulated  experiment  fhat  leads 
him/her  to  Fermal*s  principle.  The  program  starts  with  an  everyday  problem  (reach 
a  drowning  person  as  quickly  as  possible).  To  solve  the  problem  the  student  is 
guided  through  a  simulated  sequence  during  which  he/she  tries  to  "enter  the  water** 
in  different  locations  on  a  beachline.  Through  trial  and  error  he/she  finds  the 
answer  and  then  the  law  that  describes  the  requested  path. 

In  the  second  part  of  the  simulation  the  student  learns  about  reversibility:  the 
path  that  takes  the  shortest  time  from  point  A  to  point  B  is  also  the  shortest  path 
from  point  B  to  point  A.  Having  established  the  rule  for  determining  the  paths  of 
minimum  travel  lime,  the  law  of  refraction  (SnelPs  law)  can  be  introduced  in  a 
more  meaningful  way. 

This  package  illustrates  some  important  advantages  of  the  use  of  microcomput- 
ers in  science  teaching.  It  demonstrates  phenomena  that  cannot  be  shown  in  an 
actual  laboratory  exp'^rimcnt,  and  it  solves  problems  that  arc  conceptually  simple 
but  need  a  level  of  maUicmatical  ability  many  students  do  not  have. 

Thin  Lenses 

This  tutorial  emphasizes  elements  that  are  sometimes  neglected  in  lecture-textbook 
presentations.  The  program  enables  the  student  to  examine  any  type  of  thin  lens, 
choose  its  parameters,  and  s^udy  an)  variety  of  image-formation  situations.  Thus, 
the  student  conuols  the  size  of  the  lens,  its  focal  length,  and  the  distance  between  it 
and  any  object.  Performing  such  a  variety  of  experiments  in  a  real  laboratory 
would  be  practically  impossible. 
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Another  feature  of  the  package  is  that  it  deals  with  beams  of  light  rather  than 
rays.  Although  light  sources  actually  emit  beams  of  light,  for  reasons  of  convc* 
nience  most  textbooks  deal  with  rays,  and  usually  only  a  few  special  rays.  This 
package  allows  the  suident  to  engage  in  situations  that  are  closer  to  reality,  and 
consequently  to  avoid  serious  misconceptions.  Tliere  are  six  parts  to  the  package: 
(1)  classification  of  thin  lenses,  in  which  the  student  learns  how  to  distinguish 
between  converging  and  diverging  lenses;  (2)  focal  lengths  of  different  lenses,  in 
which  the  student  learns  about  the  focal  length  and  its  dependence  on  the  shape  of 
the  lens;  (3)  the  image  cf  a  point  source  in  a  converging  lens,  in  which  the  student 
observes  the  behavior  of  different  beams  of  light  emerging  from  point  sources 
located  on  the  axis  of  a  converging  lens  and  passing  through  the  lens;  (4)  the  image 
of  a  point  source  in  a  diverging  lens,  which  is  similar  to  the  previous  part,  but  deals 
with  diverging  lenses;  (5)  the  image  of  an  extended  object  in  a  converging  lens,  in 
which  the  student  observes  beams  of  light  emerging  from  different  points  on  an 
object  that  is  perpendicular  to  the  axis  of  a  converging  lens,  and  by  choosing  dif- 
ferent points  on  the  object  observes  how  the  image  (real  or  virtual)  of  the  object  is 
constructed;  (6)  the  image  of  an  extended  object  in  a  diverging  lens,  which  is  simi- 
lar to  the  previous  part,  but  deals  with  diverging  lenses. 

Although  this  package  deals  with  standard  material  that  can  tc  found  in  any 
textbook  on  geometrical  optics,  the  approacn  is  different  The  package  specifically 
treats  subjects  that  arc  traditionally  difficult  for  students  (the  ray-beam  confusion, 
the  effect  of  lens  size,  the  use  of  "special"  rays  to  construct  images,  etc.).  For  acuv- 
ities  like  simulating  the  motion  of  the  source  approaching  a  lens  and  observing 
how  the  image  moves  as  a  consequence,  the  package  makes  effective  use  of  the 
dynamics  of  computer  simulations.  Such  simulations  help  students  internalize  the 
topic  much  more  clearly  than  do  mathematical  representations  by  formulae. 


Interactive  Optics  Software  for 
the  General  Student 

Michael  J.  Ruiz 

Department  of  Physics,  University  of  North  Carolina-Ashevtlle,  Asheville,  NC  28804 


I  have  written  programs  for  the  IBM  PC  to  illustrate  prmciplcs  of  optics  for  the 
general  student  enrolled  in  Physics  101:  Light  and  Visual  Phenomena,  a  conceptual 
optics  course  taught  at  the  University  of  North  Carolina  at  Asheville.  The  course  is 
offered  each  spring  and  has  an  approximate  enrollment  of  50  students.  The  soft- 
ware programs  were  developed  to  help  students  master  material  in  their  excellent 
text.  Seeing  the  Light:  Optics  in  Natut^.  Photography,  and  Holography.^ 

Students  use  the  software  in  a  departmental  conpuier  facility,  partially  funded 
by  National  Science  Foundation  College  Scientific  Insu-umentation  Program  Grant 
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No.  CSI-8750 195.  The  dq)artment9i  computers  are  used  by  majors  for  data  analy- 
sis and  by  general  students  for  pro<;rams  like  those  described  in  this  abstr  t. 
Charles  A.  Bennett  is  project  director  of  the  grant  ($17,400,  50  percent  UNCA 
matching),  through  which  four  XTs,  one  AT,  and  two  laser  printers  were  acquired. 

The  above  textbook  gives  the  background  physics.  The  pedagogical  approach 
of  the  program  is  similar  to  that  of  the  textbook:  diagrams  and  illusu^ations  teach 
basic  principles  of  light 

In  many  cases  the  software  is  an  interactive  tutorial  whe*^  studcn  can  see  how 
optics  problems  can  be  solved  with  graphical  schemes.  The  student  can  often  pick 
the  initial  arrangement  This  enables  them  to  study  and  review  maic«  ial  discussed 
in  their  text  and  in  class.  They  are  then  given  homeworic  assipmcnts  in  which  ihcy 
can  apply  the  learned  principles  on  their  own,  e.g.,  ray  tracing  to  locate  images 
formed  by  mirrors  and  Icn^^^s. 

The  individual  software  programs  are  accessed  through  a  main  menu.  Programs 
include  Rainbow,  Kaleidoscope,  Ray  Tracing  with  Spherical  Mirrors,  Ray  Tracing 
with  Lenses,  Camera  Lenses,  Optical  Illusions,  and  Practice  Exam. 

Rainbow  constructs  a  large  raindrop  and  shows  what  happens  when  a  white 
beam  of  light  enters.  Ray  diagrams  arc  given  in  color  for  primary  and  secondary 
rainbows. 

Kaleidoscope  illustrates  the  formation  of  virtual  images  by  two  plane  mirrors 
with  one  common  edge.  The  suidcni  can  choose  from  a  variety  of  vertex  angles. 

Ray  Tracing  with  Spherical  Mirrors  allows  the  suideni  to  investigate  ray  u:acing 
for  concave  and  convex  mirrors.  The  student  chooses  object  distances  and  the  pro- 
gram gives  three  key  rays  leaving  the  tip  of  the  object  and  locating  the  tip  of  the 
image.  Image  characteristics  (real,  virtual,  smaller,  larger,  upright,  inverted)  arc 
noted.  One  mode  sweeps  the  object  in  from  far  away  toward  the  mirror  and  illus- 
trates the  shifting  image  position  as  the  object  ncars  the  mirror. 

Ray  Tracing  with  Lenszs  offers  the  student  an  opportunity  to  visuali/c  ray  u^ac- 
ing  for  converging  and  diverging  lenses.  The  suidcnt  chooses  an  object  distance 
and  uses  the  function  keys  to  sec  three  key  rays  leave  the  tip  of  the  object  and 
locate  the  tip  of  the  image.  Another  function  key  produces  a  window  witii  image 
properties:  type  (real  or  virtual),  orientation,  and  size.  The  student  watches  as  an 
object  gradually  approaches  a  lens;  the  image  location  and  size  changes  as  a  func- 
tion of  the  position  of  the  object 

Camera  Lenses  allows  the  suident  to  choose  the  focal  length  of  a  camera,  and 
then  shows  the  resulting  different  angles  of  view  for  a  given  two-dimensional 
scene.  It  also  illustrates  the  use  of  compound  lenses  in  cameras  by  covering  the 
principles  behind  the  close-up  lens  and  teleconverier. 

Optical  Illusions  illustrates  several  traditional  optical  illusions  associated  wiili 
ambiguous  depth  clues.  Also  included  are  computer  graphics  to  illustrate  effects  of 
lateral  inhibition,  eye  movements,  and  color  afterimages. 

Practice  Exam  is  a  multiple-choice  exam  on  the  material  for  the  entire  course. 

Each  program  has  its  own  instructions  and/or  help  screens  to  assist  the  user. 
The  programs  were  written  for  students  with  no  prior  background  in  computers  and 
are  therefore  very  user  friendly. 
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The  software  was  <Wv^iq)ed  with  Borland's  Turbo  BASIC  on  a  compatible  IBM 
XT  ninning  with  MS*DOS  3.1.  Although  the  first  version  of  the  programs  requires 
EGA  and  a  nuOh  copfocessor,  a  future  version  is  planned  that  will  run  on  EGA, 
CGA,  or  HGA,  with  or  without  math  cqxocessors.  However,  the  loss  of  color  with 
HGA  will  limit  the  use  of  some  of  the  piograms. 

1.  D.  S.  FaUc  D.  R.  Brill,  end  D.  G.  Stork,  Seeing  the  Ught  (New  York:  Hwpcr  and  Ro\v. 
1986). 


The  Computer  as  a  Teaching  Aid 
in  Physics:  A  Case  Study  in  Optics 
and  Wave  Theory 

Frank  Bason 

Silkeborg  Amtsgymnasium,  Oslovej  10.  DK-S600,  Silkeborg,  Denmark 


During  the  past  decade  wc  have  been  privileged  to  witness  the  evolution  of 
remarkably  versatile  computers.  The  challenge  to  us  as  physics  teachers  has  been 
to  select  from  among  the  large  number  of  available  options  in  order  to  develop  use- 
ful learning  tools  for  our  students.^  Incompatibility  of  equipment  and  operating 
systems  previcosly  hindered  efficient  development  and  exchange  of  programs,  but 
several  clear  standards  have  emerged  within  the  past  five  years,  making  the  choice 
of  a  relevant  computer  system  much  easier.  One  of  these  standards  is  the  IBM  per- 
sonal computer  and  the  MS-DOS  operating  system.  The  programs  presented  in  this 
paper  operate  in  this  environment 

This  contribution  to  the  conference  is  a  combined  poster  and  display  demon- 
stration. Using  the  theme  of  optics  and  wave  theory  to  illusu^te  each  point,  I  will 
address  the  following  questions:  (1)  What  material  within  the  discipline  of  interest 
is  pedagogically  appropriate  for  presentation  on  a  microcomputer?  (2)  What  is 
required  of  the  programmer  and  the  program  development  environment  to  develop 
a  program  package  quickly  and  successfully?  (3)  What  factors  affect  student 
response  to  the  program  package?  (4)  Do  suidents  really  benefit  from  the  use  of  the 
microcomputer  as  a  teaching  aid? 

It  is,  of  course,  essential  to  consider  the  first  of  these  questions  very  carefully 
before  embarldng  upon  a  major  programming  effort  After  the  main  features  or  a 
project  have  been  established,  it  can  be  difficult  to  make  major  changes. 

The  subject  of  optics  and  wave  theory  is  particularly  suited  to  illumination  by 
means  of  a  modem  microcomputer  because  it  makes  good  'jse  of  the  extensive 
graphics  facilities  currently  available.  Computer  graphics  make  possible  rapid 
dynamic  interactions  between  visual  information  and  quantitative  algorithms  that 
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could  scarcely  be  contemplated  just  a  generation  ago.  ^Ith  this  in  mind  I  have 
developed  the  following  program  modules:^ 

Huygens  illustrates  Huygen*s  principle,  showing  the  propagation  of  a  plane 
wave,  reflection  firom  a  qKCular  surfaccv  re^tion  at  an  interface,  and  interference 
between  waves  emitted  fi^  two  sources. 

tKzvex  illustrates  several  phenomena  associated  with  the  interference  of  waves. 
Star  jng  waves  and  beat  notes  can  be  generated,  allowing  the  student  to  experi- 
ment with  various  combinations  of  parameters  and  to  see  the  consequences  on  the 
screen. 

Doppler  illustrates  the  Doppler  effect  by  showing  the  emission  of  waves  from  a 
point  source.  It  is  possible  to  move  the  source  or  the  observer  at  a  given  speed  and 
to  observe  the  consequences.  The  program  can  also  provide  insight  into  the  devel- 
opment of  a  shock  wave  when  the  velocity  of  a  point  source  exceeds  th^  propaga- 
tion velocity  of  waves  in  a  medium. 

Fermat  illustrates  Fermat*s  principle  of  least  time  and  displays  results  to 
demonstrate  the  equivalence  of  SnelPs  law  of  refraction. 

Prism  simulates  the  optics  of  a  prism  on  the  graphics  screen  and  provides  tables 
of  results  for  direct  comparison  with  the  same  experiment  performed  with  a  prism 
and  a  laser  in  a  laboratory.  The  passage  of  a  ray  of  light  through  a  prism  illustrates 
several  interesting  aspects  of  optics. 

Lenses  simulates  the  passage  of  light  through  a  selection  of  lenses  to  supple- 
ment the  experience  gained  by  direct  experimentation  in  the  physics  laboratory. 

The  student  can  select  these  demonstration  programs  from  a  convenient  menu 
prog'^.  They  will  run  on  any  IBM  PC  XT  or  compatible,  provided  that  it  has  a 
colo*'-graphics  or  enhanced-graphics  adapter.  We  developed  this  demonstration 
diskette  using  the  UniComal  CX)MAL  development  system.^ 

This  demonstration  concludes  with  a  description  of  teaching  situations  in  which 
these  programs  have  been  used.  Student  imcnts  and  critiques  are  sur  narized 
auvl  presented  in  tabular  form  with  a  view  lo  improving  future  program  packages 
for  use  in  physics «  aching. 

1.  R.  Bason  and  Leo  Hojshoh.Poulsen.  ''Compuicr  Use  in  Undergraduate  Physics 
Teaching,**  3rd  World  Conference  on  Computers  Ln  Education,  WCCE  81.  Lausanne. 
Switzerland,  1981. 

2.  Several  programs  have  been  developed  just  for  this  conference.  Others  have  been 
adapted  from  earlier  work  and  from  descriptions  appearing  in  the  literature.  Complete 
references  \\\\\  be  available  in  the  final  paper. 

3.  ^or  further  information,  conuct  Unlcomal  A/S.  Trannarksveg  19.  DK-2860  S0borg. 
Dcnmaric  (telephone:  Int.  +  45-1 67-351 1 ).  Ask  for  their  free  demonsiraUon  disk. 
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Making  Waves:  Software  for 
Studying  Wave  Phenomena 

Joseph  Snir 

School  of  Education,  UniversUy  of  Haifa,  Mount  Camel  Haifa  31999,  Israel;  and 
Educational  Technology  Center,  Harvard  School  of  Education,  Cambridge,  MA  02138 


The  pbenoinenon  of  waves  is  central  to  classical  as  well  as  modem  physics.  Wave 
theory  is  the  basis  for  our  understanding  of  sound  and  light,  the  duality  of  waves 
and  p«iticles«  and  quanuim  mechanics.  But  teaching  this  major  topic  at  all  levels  of 
education  is  a  very  difficult  task.  We  have  developed  a  computer  program,  Making 
Waves,  for  learning  and  teaching  about  waves.  In  developing  this  software  tool,  we 
have  paid  ^lecial  attention  to  students*  commonly  held  conceptions  about  waves. 
In  our  presentation  we  will  mainly  discus  waves  in  elastic  media,  but  we  have 
designed  Making  Waves  so  that  it  is  also  a  useful  modeling  tool  for  describing  dec- 
tiomagnetic  waves. 

Making  Waves  is  composed  <rf  three  parts,  which  can  be  entered  from  the  maiii 
menu:  pulses,  waves  traveling  in  a  one*dimensional  array,  and  waves  traveling  in  a 
two-dimensional  array.  In  each  of  the  three  parts  the  student  can  learn  abom  the 
waves  that  he  creates  on  the  screen  by  making  waves.  The  student  can  choose  to 
explore  one  or  two  pulses  and  one  or  two  waves  and  their  sums.  He  can  change 
aiiy  of  the  parameters  that  define  the  waves,  collect  data,  perform  measurements  of 
time  arxl  length,  and  change  the  number  of  points  by  which  a  wave  is  represented 
on  the  screen.  Student  Mv*oricsheets  that  suggest  specific  activities  accompany  the 
software  and  can  be  used  to  structure  student  interaction  with  the  package. 

The  program  provides  thrsc  modes  of  experimentation.  In  the  first,  the  student 
observes  qualitative  feauires  of  waves.  In  dvs  second,  the  student  solves  a  problem 
by  making  use  of  the  software  to  create  a  particular  sit  tation  on  the  screen  that 
meets  the  requirements  of  the  problem.  In  the  third,  the  student  performs  experi- 
ments with  real-life  materials  and  uses  the  computer  to  reflect  and  model  phenoiri- 
ena  that  he  observes  in  «he  Utoatory. 

The  student  can  select  various  options  of  the  program  from  menus  without  hav- 
ing to  leave  the  created  wave  phiCnomena.  Thus,  the  student  can  manipulate  param- 
eters or  change  op\iot\s  in  any  of  the  four  windows  while  observing  the  effect  of 
these  changes  in  the  other  windows.  The  movement  between  the  menus  is  simple 
and  options  can  be  freely  selected  in  any  desired  order.  This  modularity  between 
options  and  windows  allows  the  student  to  create  and  study  almost  every  wave 
phenonnenon.  The  synchronized,  multiple,  and  modular  representation  of  the  waves 
makes  this  program  unique  among  other  wave  programs  available  today.  ^ 

From  a  pilot  study  in  which  high  school  students  were  interviewed,  we  have 
identified  several  obstacles  to  understanding  waves.  One  such  obstacle  is  the  need 
to  differentiate  between  the  local  behavior  of  individual  particles  and  the  integra- 
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tioii  of  the  movement  of  these  particles  in  a  global  wave  pattern.  Our  program  can 
easily  corrca  this  basic  misconception. 

Making  Waves  has  been  speciHcally  designed  to  help  the  student  see  the  trees 
and  the  foiest— to  be  able  to  integrate  the  global  and  the  local  in  wave  phenomena. 
AnKMig  the  q[)tions  that  are  oflfeitd  to  the  student  for  manipulating  the  waves  on 
the  screen  that  is  one  that  allows  a  change  in  the  number  of  points  by  which  the 
wave  is  described.  When  the  number  of  points  is  maximum,  the  vvave  is  seen  as  a 
continued  front  As  the  number  of  points  is  gradually  reduced  the  movement  of 
each  individual  point  in  the  now-discrete  chain  of  points  moves  up  and  down 
around  a  Tued  point  When  the  shape  of  the  wave  is  made  up  of  only  a  few  points, 
it  starts  to  fade,  but  can  still  be  traced.  Most  students  are  startled  to  discover  the 
movement  of  the  individual  points  that  occurs  when  the  number  of  points  is 
reduced,  and  are  led  to  a  new  understanding  of  the  phenomenon.  The  flexibility  of 
this  dynamic  simulation  of  the  phenomenon  makes  feasible  the  teaching  of  this 
aspect  of  waves  in  a  unique  way. 

The  UKXlularity  of  the  program  allows  the  student  to  alter  the  number  of  points 
in  many  other  activities.  For  example,  in  studying  the  phenomenon  of  waves  mtcr- 
ference,  the  studeat  can  create  two  waves  and  w^atch  how  their  sum  changes  from 
constructive  to  destructive  interference  when  the  phase  difference  between  them 
changes.  At  the  stage  when  the  phase  difference  reaches  180^  the  number  of  points 
in  the  wavos  c  be  reduced  gradually,  thus  allowing  the  studerit  to  observe  the 
asymmeuic  movement  of  individual  points  in  the  two  waves.  This  observation 
clarines  the  destructive  nature  of  the  combination. 

Making  ^es  allows  the  student  to  understand  the  concept.s  and  process  that 
underlie  wjx,<^s  without  using  mathematical  formalism.  Comprchensi^'c  research  to 
And  optimal  ways  to  use  this  software  is  now  under  way. 

1.  E.  T.  Lane.  Group  VeiocUy  Demonstration  (Iowa  City:  Condun.  1980);  E.  T,  Lane. 
Standing  Waves  (Iowa  Ciiy:  Conduit,  19**4);  J.  Tcsh.  J.  Kimmitt,  Transverse  Waves 
(London:  Hcincmann  Computers  in  Education.  1982);  D.  Vernier.  Wave  Addition 
(Portland:  Vernier  Software.  1984). 


Educational  Software:  Oil  Drop, 
Schrodinger  Equation,  and  Size 
of  a  Molecule 


John  Eiberfeid 

EduTech.  Rochester.  NY  14609 


1  have  developed  a  scries  of  highly  interactive  problem-solving  aciiviucs  lo  be  run 
on  an  Apple  II  or  compatibi)  computer.  A  smgle  disk  drive  is  requ"-     A  printer  is 
O   optional,  but  helpful  for  keeping  records,  lii  addition  to  liic  software,  the  packages 
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include  t  comprehensive  manual  containing  teacher  notes,  student  instructions,  and 
a  backup  disk. 

Oil  Drop 

This  simulation  of  the  Millikan  oil^Iiop  experiment  provides  students  with  the  feel 
and  excitement  of  performing  an  important  experiment  that  is  often  considered  too 
expensive  or  complicated  to  implenient  in  the  lab.  In  a  computer  animation,  an  oil 
drop  is  shown  dropping  between  two  plates.  The  studeut  varies  the  voltage 
between  plates  by  turning  the  dials  on  game  paddles  or  pressing  arrow  keys  on  a 
keyboard.  When  the  student  obtains  a  voltage  that  suq)ends  the  drop  motionless 
between  the  two  plates,  he/she  leaves  the  computer  to  cafculate  the  charge  on  the 
drop.  CThe  mass  or  radius  of  the  drop  is  given.)  This  suategy  makes  the  computer 
available  to  other  students,  which  reduces  the  number  of  computers  needed  per  lab. 

The  student  must  correctly  enter  the  charge  of  the  stopped  drop  before  repeal- 
ing the  experiment  Individual  Tiles  are  kept  of  each  student's  calculatioris  and  a 
master  file  is  kept  of  the  entire  class,  which  permits  a  histogram  of  the  pooled  data. 

Schrodinger  Equation 

Schrodinger  Equation  permits  students  to  calculate  and  plot  numerical  soluiiona 
the  one-dimensional  Schrodinger  equation  for  a  variety  of  standard  potentials  (har- 
monic oscillator,  square  well,  and  Coulomb)  and  for  any  poicntial  th  '  can  be 
drawn  with  a  game  paddle. 

The  student  specifies  a  trial  value  of  the  energy  and  the  initial  conditions  of  the 
wave  function. '  Tic  di^lay  of  the  resulting  solution  shows  graphically  whcthc  the 
solution  is  con'^ei^gent  Schrodinger  Equation  also  allows  investigation  of 
tion  from  and  transmission  through  a  barrier. 

The  program  permits  solutions  to  be  stored  on  the  disk  and  printed  on  a  printer 
equipped  with  a  graphics  card.  The  disk  includes  demonstration  solutions.  Game 
paddles  are  requ*Tcd  to  draw  your  own  potential. 

Size  of  a  Molecule 

Developed  for  use  in  a  bcnzcnc-frec  laboratory.  Size  of  a  Molecule  is  ^^^ulation 
of  an  experiment  to  determine  the  length  of  an  oleic  (or  stearic)  acid  moiccuJc  from 
measurements  of  a  monorolecular  layer. 

Using  animated  high-resoludon  graphics,  the  program  takes  the  student  through 
the  experiment  in  a  self-paced,  step-by-stcp  fashion,  generating  reasonable  data  as 
needed.  From  these  data,  the  suident  performs  a  step-by-stcp  analysis  resulting  in  a 
solution  of  the  value  of  the  length  of  the  molecule.  The  student  must  work  with 
reladonships  between  volume  and  density. 

This  program  can  also  be  used  lo  analyze  data  obtained  from  an  actual  laborato- 
ry experiment.  Thus  it  is  valuable  as  a  prelab,  make-up  lab,  or  simulation  when  die 
O    actual  experiment  cannot  be  performed.  Data  can  be  saved  on  disk  and  printed, 
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Electric  Field  Lines 
Simulation  Lab 

a:^hnny  B.  Holmes 

Phyncs  Dtpmment,  Christ  Brothers  College,  Memphis,  TN  38104 


Using  the  grspiiics  of  an  ^le  n-family  microcomputer.  Electric  Field  Unes 
Simulation  Lab  allows  studx^ts  lo  investigate  the  eiectnc  fteld  Unes  resulting  from 
various  chaise  dis«ributioa^..  It  introduces  students  to  the  concqn  of  an  electric 
field  line  and  demonstrates  the  behavior  of  the  electric  Tieids  produced  by  point 
charges* 

At  Christian  Brothers  College,  wc  use  Electr  Field  Lines  Simulation  Lab  as 
our  first  lab  experimert  in  the  sxond  course  of  the  introdijctory  physics  sequence 
that  coven;  electricity  and  nugnetism.  The  students  in  this  course  are  noimally 
first-semriter  sophomore  engineering  and  science  majors* 

Althrofh  we  do  supply  a  handout  tha^  q)ecifles  five  charge  distributions  for  the 
student  to  investigate,  the  pedagogkuf  spprc»ch  is  thai  of  experimentation.  It  is  up 
to  the  student  to  discover  the  shape  of  the  field  lines.  We  require  the  student  to 
specify  at  least  two  additional  c^^e  distributions  and  invesUgaie  their  electric 
fields.  (The  disk  will  hold  19  to  ten  plots.) 

The  studc: .  tnters  the  charge  and  the  position  of  up  >  six  point  charges  on  a 
grid  280  by  160.  When  all  the  charges  m  specified,  the  computer  4^  for  a 
beginninf  ^eld  point  (which  must  be  on  the  grid).  After  the  student  specifies  the 
field  point,  the  computer  calculates  the  electric  field  (magniuide  and  dinx  xm)  at 
that  point,  and  draws  a  five-unit  line  segment  in  the  direction  the  field.  The 
computer  then  recalculates  the  field  at  the  new  point  (i.e.,  at  the  end  of  the  line  seg- 
ment) and  draws  Sizother  five^unit  line  sef  ment  in  the  direction  of  the  field  at  the 
new  point.  The  process  continues  until  it  runs  off  the  scrccii.  comes  within  five 
units  of  a  m^ati ve  charge,  or  is  aborted  by  the  suident 

After  completing  one  field  line,  the  computer  asks  for  another  starting  field 
point  or  allows  the  student  to  end  the  plot  When  the  student  ends  the  plot,  can 
ravt  the  plot  on  disk  for  recall  later  and  start  another  plot  with  another  set  of 
charges.  When  all  the  plots  arc  reviewed  near  the  end  of  the  lab  session,  a  grade  is 
assigned. 

The  program  is  self-booting  and  menu  driven.  There  arc  four  choices  on  the 
menu:  run  the  plotting  p.Dgram,  review  the  pk>ts  st  <  on  the  disk,  cancel  all  plots 
on  the  disk,  and  end  the  program.  The  program  returns  the  use/  to  the  menu  after 
each  application. 

The  software  runs  on  any  of  the  Apple  Il-family  microcomputers  and  uses 
Applesoft  BASIC  and  the  Apple  DOS  3.3.  It  is  completely  self-contained  and 
needs  no  software  or  hardware  other  than  the  Apple,  a  S.2S-inch  flc^y  disk  drive, 
and  a  monitor.  The  plots  are  stored  on  the  disk  in  a  bit-mapped  form  usable  by 
";n^cs  printing  programs  (e.g.  Beagle  Brothers  Triple  P  np)  so  hard  copies  of 
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the  plots  can  be  printed.  The  names  of  the  plots  (for  use  with  the  hard-cc^y  pro- 
grams) are:  DR  #!-n  where  n  is  the  number  of  the  plot  (from  0  to  9). 

The  software  program  EUctric  Fields  Lab  Diskette  is  part  of  the  collection  Computers  ui 
Physics  Instruction:  Software,  which  can  be  ordered  by  using  the  form  at  the  end  of  this 
book. 


United  States  Energy  Simulator 

Richard  W.  Tarara 

Department  of  Chemistry  and  Physics,  Saint  Mary's  College,  Notre  Dame,  IN  46556 


The  complexity  of  our  modem  energy  system  wa<J  well  demonstrated  by  the 
Energy-Environment  Simulator,  an  analog  computer  de'  .*x.ytd  in  the  early  1970s 
at  Montana  State  University  for  the  Dqwutment  of  Energy.  Although  woridng  ver- 
sions of  this  computer  still  exist,  there  is  now  a  microcomputer  software  package 
designed  to  cover  the  same  subject  matter  in  an  updated  format  that  is  more  widely 
accessible. 

The  United  States  Energy  Simulator'  is  in  the  form  of  a  game  in  which  the  class 
(in  demonstration  mode)  or  an  individual  tries  to  pilot  the  country  into  its  future  by 
maintaining  a  balance  between  the  demands  and  supplies  of  energy.  The  pedagogi- 
cal objective  is  for  students  to  grasp  the  complexity  and  interdependence  of  the 
task,  the  finite  nature  of  fhe  fossil  lucls,  the  effect  of  various  actions  on  the  envi- 
ronment and  standard  of  living,  and  the  importance  of  early  research  on  new  forms 
of  energy. 

In  demonstration  mode,  the  decisions  on  how  to  supply  needed  energy  or  what 
demands  to  increase  or  decrease  is  done  by  consensus  of  the  class;  in  the  individual 
mode,  all  choices  fall  on  the  operator.  Tutorials  provide  the  student  with  back- 
ground information  that  puts  the  game  into  sharper  focus. 

The  software  uses  a  number  of  screens  to  present  the  rate  of  use  of  the  various 
i'esources,  remaining  reserves,  the  condition  of  the  environment,  and  the  stauis  of 
supply  and  demand  in  food  and  both  chemical  ind  elecuical  energy.  The  user  can 
view  the  numerical  values  of  all  important  parameters  or  change  the  supplies 
and/or  demands.  The  goal  of  the  game  is  to  make  it  as  far  into  the  future  as  possi- 
ble while  maintaining  iJic  environment  and  standard  of  living.  There  arc  various 
starting  conditions  based  on  diffcfcni  \<«umpuons  about  the  available  reserves. 
Unlike  the  analog  computer,  the  program  f  its  the  changes  permiucd  to  ±  25  pcr- 
ce;it  of  any  parameter  in  any  given  year.  The  program  also  evaluates  the  effort  once 
the  player  quits. 

The  exercise  can  be  valuable  at  boJi  the  secondary  and  undergraduate  levels. 
All  energy  parameters  arc  given  in  kWh  and  shown  in  computer-exponential  nota- 
tion (xE09).  This  might  require  some  explanation  when  used  in  prccollegc  classes. 
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but  a  full  understanding  of  the  niagnitude  and  units  of  the  energy  quantities  is  not 
essential  to  play  the  game  or  to  grasp  the  main  concepts. 

During  play,  the  user  must  not  let  the  supply  fall  below  70  percent  of  demand. 
If  this  haw)ens,  the  player  cannot  progress  until  the  imbalance  is  corrected— at 
least  to  the  point  where  supply  is  90  percent  of  demand  If  the  imbalance  occurs 
because  one  of  the  resources  is  exhausted,  it  may  be  impossible  to  correct  the  prob- 
lem. It  is  therefore  important  to  plan  ahead. 

Long-term  supplies  are  determined  by  new  or  future  energy  technology,  but  the 
timing  of  the  appearance  of  this  technology  is  lied  to  early  investment  in  research 
and  development  Since  such  new  technology  will  most  likely  provide  only  electri- 
cal eneigy,  the  user  must  plan  ahead  so  that  the  energy  demands  of  tlie  future  will 
be  electrical.  Heavy  use  of  fossil  fuels  adversely  affects  air  quality,  ard  heavy  use 
of  nuclear  energy  presents  a  waste  problem.  Overall  heavy  energy  ise  involves 
wasie-heai  prob*  A  crude  accounting  of  these  factors  is  indicated  on  the  ii  ;in 
screen.  The  c  ,>n  of  the  environment,  ih:,  number  of  shortage  years  (supply 
less  than  90  percent  of  demand),  the  number  of  critical  shortage  years  (supply  less 
than  70  percent  of  demand),  and  the  standard  of  living  as  measured  by  the  per- 
capita  energy  use  are  the  factors  that  determine  &z  player's  final  rating. 

Versions  of  the  simulator  are  available  for  the  Commodore  64/128  (disk  drive 
and  color  monitor),  Apple  II  (DOS  3.3,  monochrome  monitor),  and  MS-DOS 
(BASIC  and  monochrome  monitor).  The  C-64  version  has  a  more  extensive  tutori- 
al section  than  the  others  and  includes  short  animations  to  elaborate  certain  points. 
Each  version  includes  instructions  for  running  the  program  and  the  play  itself  is 
guided  by  on-screen  instructions. 

Use  of  one  of  the  surviving  analog  computers  has  been  a  highlight  of  our  ther- 
mal segments  in  all  physics  courses  for  a  number  of  years.  Students  find  the  ana- 
log-computer exercise  both  exciting  and  educational  (as  indicated  by  essays  on  the 
topic).  The  microcomputer  version  now  provides  a  way  of  experiencing  this  learn- 
ing exercise  in  almost  any  educational  setting. 


Simulation  Software  for  Advanced 
Undergraduates:  Electrodynannics 
and  Quantunn  Mechanics 

p.  B.  Visscher 

Department  of  Physics,  University  of  Alabama,  Tuscaloosa,  AL  35487-1921 


Most  existing  software  for  partial  differential  equation  (PDE)  courses  such  as  elec- 
trodynamics and  quantum  mechanics  relates  to  time-independent  problems:  com- 
putation of  electric  field  lines  for  point  charge  distributions, ^  relaxation-method 
computation  of  potentials  ^  or  computation  of  Umc-indepcndenl  one-dimcnsional 
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wave  functions  in  potential  wells.  The  connection  with  physics  and  intuition  is 
closer  if  the  fundamental  time-dependent  PDEs  are  used  directly.  I  will  describe 
several  programs  for  direct  time-dependent  simulation  using  discretizations  of  tho 
fundamental  time-evolution  equations  (Maxwell's  equations  or  the  SchrOdinger 
equaUon).  I  argue  that  such  programs  make  it  possible  to  reverse  the  usual  order  of 
inUToduction  of  discrete  and  continuum  methods  in  mathematical  physics. 

Most  physicists  think  of  discrete  equations  as  approximations  to  contini.um  par- 
tial differential  equations,  but  I  aigue  that  tiiis  is  a  matter  of  conditioning— funda- 
mentally, the  derivative  is  define-*,  as  a  limit  of  discrete  differences,  so  tiiat  vector 
operators  (divergence,  curl,  etc.)  are  ultimately  defined  as  limits  of  discrete  opera- 
tors. It  has  been  customary  in  teaching  diese  to  go  immediately  to  die  abstract  con- 
tmuum  limit,  because  it  is  hard  to  do  problems  tiiat  are  nontrivial  enough  to 
describe  important  physical  phenomena  by  hand  witii  discrete  equations. 

Just  as  Newton  had  to  invent  the  integral  calculus  to  determine  the  phenomeno- 
logical  consequences  of  his  tiieory  of  universal  gravitation,  all  physics  students 
have  had  to  use  calculus  to  get  an  intuitive  understanding  of  the  phenomenology 
implicit  in  PDE  systems  like  Maxwell's  equations.  It  has  always  been  clear  diat  ihe 
abstractness  of  PDEs  inu-oduces  a  formidable  barrier  to  such  understanding,  but 
diis  has  been  accepted  as  ihe  pri-o  a  student  has  to  pay  to  see  how  sucn  diverse 
phenomena  as  wave  propagation,  electromagnetic  induction,  electrostatic  fields, 
and  magnetostatic  fields  arise  from  a  simple  set  of  underlying  Maxwell  equations. 
But  the  advent  of  Uie  computer  has  changed  all  tiiis.  It  is  now  possible  to  study  all 
phenomena  using  discrete  Maxwell  equations  witii  high  school  algebra  as  the  only 
matiiematical  prercq-  site.  The  continuum  equations  can  be  returned  to  their  natu- 
ral roles  as  the  small-cell  limits  of  the  discrete  equations  and  studied  after  the  phe- 
nomenology is  clear. 

This  approach  may  seem  inelegant  »6  someone  who  is  used  to  thinking  of  dis- 
crete equations  as  lacking  the  beautiful  symmeu^  and  conservation  properties  of 
die  continuum  Maxwell  equations.  I  will  demonsu-ate,  howjver,  that  there  is  - 
maximally  simple  discretization  of  the  Maxwell  equations  that  possesses  all  of 
these  properties.  In  particular,  energy  is  exactiy  conserved.  Gauss's  law  (expr^scd 
in  terms  of  a  discrete  area  integral)  is  exacdy  »rue,3  Ampere's  law  and  Poynting's 
tiicorem  are  exactiy  true.  Altiiough  the  discrete  eauations  in  a  cubic  lattice  do  not, 
of  course,  have  the  rotational  symmeu^  required  to  derive  Cojlomb's  law  from 
Gauss's  law,  the  discrete  equations  can  be  written  for  any  coordinate  system,  and  m 
a  spherical  coordinate  system  Coulomb's  law  is  easily  derived.  Thus  it  is  possible 
for  a  student  to  learn  all  of  these  laws  and  gain  an  intuitive  understanding  of  elec- 
u-odynamic"  by  experience  with  simulations,  which  are  not  dependent  on  calculus. 
Calculus  may  be  a  crystal-clear  window  to  a  mathematically  sophi.sticatcd  instruc- 
101-,  but  to  die  average  student  it  is  more  than  a  litde  rain-.su-eaknd. 

Specific  simulations  diat  can  easily  be  done  with  a  two-dimensional  Maxwell 
equations  solver  include  antenna  radiation  and  plane-wave  propagation.  Static 
fields  may  be  calculated  by  evolving  die  system  until  it  stops  changing— one  can 
calculate  the  Coulomb  electrostatic  field  of  a  point  charge  brought  fron.  infinity 
die  magnetos'atic  ..eld  of  a  solenoid  of  arbilraiy  cross-section  (whose  evolution 
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shows  the  induced  elec*  ic  field  along  the  way),  and  the  solution  of  an  electrostatic 
conducting-boundary  problem  (showing  the  migration  of  induced  charge). 

The  software  program  Sample  Simulations  from  Fields  and  Electromagnetism  is  part  of  the 
coUecdon  Computers  in  Physics  Instruction:  Software,  which  can  be  oidei«d  by  using  the 
form  at  the  end  of  this  book. 

1.  Harvey  Gould  and  i  y  Tobochnik,  Computer  Simulation  Methods  (Reading,  MA: 
Addison-Wcsley,  1987). 

2.  Steven  E.  Koonin,  Computational  Physics  (Menlo  Park,  CA:  Bcnjamin/Cummings, 
1986). 

3.  P.  B.  Visschcr,  Fields  and  Electrodynamics  (New  York:  WUey.  1988). 


Microcomputer  Simulations  in 
Statistical  Physics 

Jeffrey  R.  Fox 

Thermophysics  Division,  National  Bureau  of  Standards,  Boulder,  CO  80303 

Because  visualization  is  a  key  part  of  the  learning  process,  one  of  the  most  impor- 
tant tasks  in  science  instruction  is  creating  effective  visisal  metaphors  for  natural 
phc  iomena  or  model  behavior  not  otherwise  readily  observable.  The  problem  of 
visualization  is  particularly  acute  in  statistical  physics,  where  the  cooperative 
dynamical  behavior  of  systems  of  very  many  microscopic  degrees  of  freedom  is 
the  subject,  and  the  abstractions  of  a  higher  mathematics  is  the  present  instruction- 
al strategy. 

In  this  report  I  will  show  a  microcomputer-bascd  simulation  of  one  of  die  most 
important  model  systems  in  siaLstical  mechanics,  the  Ising,  or  lauice-gas,  mode!. 
This  model  may  be  interpieted  as  a  system  of  molecules  interacting  through  very 
simple  pairwise  forces  that  are  repulsive  at  short  range  and  attractive  at  longer 
range.  It  is  also  widely  interpreted  as  a  model  of  a  magnetic  solid  with  a  structure 
composed  of  microscopic  magnetic  dipoles  arrayed  on  a  fixed  lattice  and  interact- 
ing with  their  nearby  neighbors  through  highly  simplified  force.  Computer  enthusi- 
asts will  perhaps  prefer  to  think  of  it  as  a  statistical  version  of  Conway's  Game  of 
Life,  a  popular  microcomputer  simulation  of  population  growth. 

The  model  has  a  number  of  interesting  behavior  modes,  but  the  most  important 
is  die  splitting  into  two  phases  at  low  temperatures  (temperature  being  one  of  the 
control  parameters).  The  phases  are  interpreted  as  liquid  and  vapor  in  the  language 
of  the  lattice  gas,  and  as  two  distinct  n.agnetic  domains  in  the  magne*-^  language. 

Whether  used  ar  a  classroom  demonstration  or  laboratory  exercise,  this  simula- 
tion effectively  shows  the  connection  between  the  simple  energetics  of  the  model 
particles  and  the  macroscopic  thermodynamics  of  phase  transitions,  spinodal 
decomposition,  and  critical  phenomena.  Because  it  if  a  Monte  Carlo  simulation,  it 
O   is  based  on  a  ''statistical  dynamics,**  radier  than  Newtonian  mechanics.  But  this 


means  that  the  central  theoretical  construct  in  statistical  mechanics,  the  ergodic 


Peterson  and  Lane  137 


hypothesis,  is  direcQy  exercised  by  the  algorithm.  That  such  an  algorithm,  which 
may  be  clearly  and  simply  sfaied.  can  produce  a  wide  variety  of  behavior,  includ- 
ing the  discontinuous  behavior  of  the  phase  transition,  is  the  principle  instructional 
point 

Such  simulation  programs  are  neither  C(/mmercial  nor  directly  pedagogical; 
they  are  feasibility  studies  designed  to  show  the  scale  of  research  practicable  using 
microcomputer  resources.  This  type  of  simulation  is.  to  my  knowledge,  the  only 
way  that  phase  u^sition  phenop  "^a  can  be  effectively  demons'  '  with  micro- 
computers. Indeed,  the  same  phenomenon,  when  simulated  Wia*.  ic.  example. 
Lennard-Jones  particles,  requi-^  extensive  supercomputer  resources.  The  reduc- 
tion in  computational  complexay  represented  by  the  lattice-gas  model  is  due  to  a 
digitization  or  "coarse  graining"  of  the  special  coordinates  of  the  gas  molecules. 
This  digitization  is  such  that  the  entire  simulation  algorithm  may  be  parsed  into 
primitive  bit-manipulation  operations  and  thus  encoded  directly  into  the  machine 
language  of  any  microprocessor. 

The  principle  design  goal  of  the  present  program  is  speed  of  equilibration.  The 
progran)  must  be  coupled  with  a  system  size  sufficiently  large  to  allow  macrosopic 
behavior  to  be  readily  inferred  by  visual  observation.  The  simulation  is  of  a  two- 
dimensional  system  for  the  sake  of  unambiguous  and  high-speed  display,  but  the 
behavior  is  qualitatively  like  that  of  three-dimensional  systems  in  almost  every 
respect  The  program  accepts  input  for  two  conUX)l  parameters,  which  in  the  mag- 
netic language  used  in  the  prompts  are  the  temperature  and  an  applied  external 
magnetic  field.  The  physical  system  to  which  the  simulation  r.iay  most  easily  be 
compared  is  thus  a  magnetic  film,  like  the  recording  surface  of  magnetic  tape  or 
computer  disks,  under  the  action  of  the  recording  magnet  and  temperature. 

Because  I  hope  to  stimulate  the  further  development  of  statistical  simulation  in 
physics  instruction.  I  have  placed  the  programs,  in  both  source  and  executable 
forms,  in  the  puMic  domain.  The  source  contains  some  assembly  language  code 
specific  to  the  target  microprocessor,  and  makes  use  of  the  hardware  features  of  the 
target  machines,  but  ihc  algorithms  can  be  easily  ported  to  any  microcomputer. 

The  software  program  Two- Dimensional  Ising  Model  Simulation  is  part  of  the  collection 
Computers  in  Physics  Instruction  Software,  which  can  be  ordered  by  using  the  form  at  the 
end  of  this  book. 


Spectrum  Calculator:  Results 
from  Student  Use 

R.  S.  Peterson  and  Eric  T.  Lane 

Physics  Department,  University  of  Tennessee  at  Chattanooga,  Chattanooga,  TN  37403 


The  Apple  II  program  Spectrum  Calculator  helps  students  identify  spectral  scries 
and  devise  energy-level  diagrams.  After  experimentally  measuring  »hc  emission 
g  j^^  kvavelcngths  of  a  particular  atomic  specimen,  students  enter  these  wavelengths  into 
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the  program  and  interactively  search  for  two  or  three  consecutive  lines  of  a  series. 
The  program  computes  additional  wavelengths  for  the  series  so  thai  students  can 
compaie  and  evaluate  the  agreement  with  the  experimental  lines.  The  program  pro- 
vides the  energy  levels,  quantum  r.ambers,  and  the  computed  Rydberg  with  each 
calculation.  From  these,  the  students  can  design  an  energy-level  diagram. 

Specirm  Calculator  thus  transforms  a  simple  comparison  of  wavelengths  with 
accepted  values  into  an  interactive  laboratory  in  which  students  discover  the  atom- 
ic structure  for  themselves. 


Computer  Simulation  of  the 
Scattering  of  a  Wave  Packet  from 
a  Potential 

J.  E.  Lewis 

Department  of  Physics,  State  University  of  New  York,  College  at  Plattsburgh,  Plattsburgh, 
NY  12901 


This  software  package  illustrates  an  important  aspect  of  quantum  mechanics  that 
has  been  neglected  or  treated  only  brieuy  in  standard  texts:  the  development  in 
time  of  a  wave  packet  in  the  presence  of  a  potential.  There  are  several  reasons  that 
this  problem  has  been  neglected.  First,  the  problem  docs  not  readily  adapt  to  text- 
book presentation.  It  can  be  fully  understood  only  by  seeing  the  wave  packet 
develop  in  time,  for  example,  in  a  movie,  or  on  a  computer  monitor.  Second,  the 
general  solution  to  the  problenr  cannot  be  expressed  analytically  and  requires  fairiy 
extensive  numerical  computation. 

In  the  past,  teachers  have  relied  either  on  expensive  film  loops,  which  offer  a 
limited  and  Hxed  number  of  solutions  (and  a  rather  class-disrupting  method  of 
viewing),  or  on  static  diagrams  culled  from  various  textbooks,  which  illustraie  only 
the  salient  points  of  the  progress  of  the  wave  packet  Today  a  new  approach  is  pos- 
sible. The  new  class  of  high-powered  microcomputers,  ivhich  are  equipped  with 
excellent  graplac  and  animation  capabilities  and  relatively  fast  yet  accurate  float- 
ing-point arithmetic,  allows  in-house  production  of  high-quality  animation 
sequences  of  the  wave  packet's  progress.  We  have  developed  software  that  pro- 
duces a  library  of  data  files,  one  for  each  scattering  problem.  These  data  files  can 
be  modified  with  an  editing  program  to  fine  trim  the  resulting  animation  sequence. 
Since  a  typical  animation  sequence  lasts  ':ss  than  two  minutes,  many  kinds  of 
bchavicH"  can  be  viewed  in  a  class  period,  totally  under  the  control  of  the  instructor. 
Because  they  are  easy  to  use,  the  files  are  also  suitable  for  student  insu^uction  in 
self-paced  tutorials. 

The  software  illustrates  the  basic  wave  bcha\'ior  of  quantum  particles  in  the 
presence  of  a  potential.  The  student  learns  fundamen^-'.l  facts  of  quantum  methan- 
es by  seeing  the  development  in  time  of  various  soiu.ions  of  the  lime-dependent 
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Schrodinger  equation.  The  program  uses  easily  understood  animation  sequences  lo 
illustrate  the  spatial  broadening  of  a  wave  packev.  oscillations  in  the  packet  enve- 
lope induced  by  abrupt  changes  of  potential,  tunneling  phenomena,  transmitted  and 
reflected  packets,  and  metastablc  resonance  particles.  Because  the  software  can  be 
easily  repro^^rammed  to  compute  data  files  for  any  user-defined  wave  packet  or 
potential  profile,  it  can  be  tailored  to  the  exact  interests  of  a  particular  instructor, 
student,  or  course. 

The  intended  audience  is  intermediate  and  advanced  undergraduate  students  in 
physics  or  any  other  discipline  where  quantum  rnechanics  or  modem  physics  or 
tlteir  equivalents  is  a  requirement 

The  software  assumes  that  the  viewer  has  already  been  introduced  to  the  topic 
of  wave  packets,  the  steady-state  solution  of  the  Schrodinger  equation,  probability 
density,  etc.,  and  it  covers  only  the  abstract  and  jxwrly  understood  aspects  of  quan- 
tum mechanical  scattering.  Besides  the  opening  title  and  a  legend  displayed  during 
the  animation,  the  program  offers  no  explanation  of  events;  these  must  be  supplied 
by  the  instructor,  cither  as  comments  during  a  formal  demonstration,  or  as  notes  in 
a  self-paced  study  project. 

The  package  consists  of  three  programs  and  a  library  of  data  files.  The  library 
of  data  files  covers  the  common  scattering  problems  encountered  in  quantum 
mechanics.  The  first  program.  Scatter,  displays  on  a  monitor  the  daia  file  associat- 
ed with  a  particular  wave  packet  and  potential.  The  easiest  use,  therefore,  is  to  run 
Scatter  with  appropriate  data  files. 

The  program  Makewave  is  used  to  display  other  scattering  situations.  Here  the 
user  must  modify  the  source  code  Makewave.c,  supply  code  to  specify  «he  new 
potential  and/or  wave  packet,  change  three  constants  that  specify  the  output,  and 
recompile  the  program.  The  sections  to  modify  are  clearly  labeled  in  the  source 
code,  and  should  pose  no  difficulty  to  a  person  knowledgeable  in  the  C  language. 
As  an  aid,  six  different  |X)tentials  are  included  in  the  source  code,  and  the  user  can 
choose  the  one  required.  They  are  a  square,  triangular,  and  Gaussian  barrier  and 
well,  and  can  be  used  as  templates  for  other  potential  profiles,  if  needed. 

The  output  of  Makewave  can  then  be  input  to  Modwave,  an  editing  program. 
Modwave  allows  the  position  and  scale  of  the  animation  to  be  changed,  as  needed, 
and  thr  number  of  skips  between  iterations  to  be  adjusted.  This  dramatically 
reduces  the  size  of  the  data  files  and  speeds  up  the  animation,  but  with  a  loss  of 
smoothness.  The  title  and  subtitle  to  the  animation  can  also  be  edited  in  Modwave. 

As  supplied,  the  library  of  data  files  can  be  run  either  from  the  command  line 
interface  (CLI)  or  from  Workbench  (the  window  environment)  with  a  mouse.  A 
typical  use  from  the  CLI  would  be  scat  te*-  dfOrdata  /  wavel,rec  lo 
.3  .6,  and  the  daia  file  <w^vel.rec>  on  drive  <dfO:>  in  directory  <dala>  would 
be  run  in  600  by  200  pixel  resolution  between  the  limits  x  =  0.3  and  0.6.  For  600 
by  400  resolution,  the  argument  lo  is  dropped.  The  limits  on are  0  to  1 .  The  min- 
imum input  is  scatter  data  file,  resulting  in  a  high-rCsSolution  display 
between  0  and  1.  Using  the  mouse  to  click  on  the  appropriate  icon  will  invoke  the 
program  with  tJ  ,  selected  data  file.  The  daia  file  selected  can  be  varied  by  modify- 
ing a  script  file  with  the  screen  editor.  Full  details  on  the  software  are  mcluded  as 
comments  in  the  sourcecode,  and  as  a  "README"  file. 
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To  run  the  software,  an  AMIGA  500,  1000,  or  2000  is  needed,  with  at  least 
512k  mcmofy,  using  AMIGADOS  1,2.  To  speed  things  up  a  litUe  and  cut  down  on 
disk  access.  Scatter  and  the  data  Tiles  can  be  read  into  RAM  and  called  by  Scatter 
from  there,  if  memo  permits.  The  software  takes  over  the  display  completely 
whUe  running,  returning  the  initial  display  upon  termination.  It  releases  all  used 
memory,  multitasks  satisfactorily,  and  has  no  known  bugs. 

The  software  program  Scattering  of  a  Wave  Packet  from  a  Potential  is  part  of  the  collection 
Computers  m  Physics  Instruction:  Software,  which  can  be  ordered  by  using  the  form  at  the 
end  of  this  book. 


Spacetime  Software:  Computer 
Graphics  Utilities  in  Special 
Relativity 

Edwin  F.  Taylor 

Department  of  Physics,  Massachusetts  Institute  of  Technology,  Cambridge,  MA  02139 

Although  no  one  can  experience  directly  the  world  of  the  very  fast  described  by 
special  relativity,  Spacetime  Software  provides  interactive  graphics  displays  that 
help  students  visualize  this  world. 

The  Spacetime  program  combines  four  displays,  all  of  which  share  the  same 
data.  The  first  is  the  position*vs.-vclocity  view  of  a  mullilanc  highway  (see  Figure 
1)  on  which  move  clocks,  rods,  light  flashes,  and  a  shuttle  that  can  change  lanes. 

The  second  display  is  the  position-vs.-timc  view  of  a  conventional  spacetime 
diagram,  showing  event;  and  the  world  !incs  of  objects  that  move  along  ihc  high- 
way. The  operator  places  objects  and  events  on  the  highway  and  places  events, 
light  cones,  and  invariant  hyperbolas  on  the  spacetime  diagram.  The  user  can  step 
time  forward  and  backward,  ride  on  any  object  on  the  highway  (except  a  light 
flash),  and  transform  the  spacetime  diagram  from  one  reference  frame  to  another. 
A  third  display  splits  the  screen  to  show  both  the  highv/ay  and  the  spacetime  dia- 
gram  as  time  is  changed.  The  final  display  is  a  table  of  numerical  dala  on  even, 
and  objects,  whose  entries  can  be  ivnnoiaied  by  the  operator. 

Collision  is  a  program  that  helps  students  analyze  the  rclaiivisiic  collisions,  cre- 
ations, transformations,  decays,  and  aimihilations  of  particles  that  move  in  one  or 
two  spatial  dimensions.  The  program  shows  three  interrelated  displays.  The  first  is 
a  table  on  which  the  operator  enters  what  he/she  knows  of  the  mass,  energy,  and 
momentum  of  each  incoming  and  outgoing  panicle.  On  command,  the  program 
attempts  to  complete  the  table,  giving  nressagcs  about  what  law  or  equation  is 
being  used  at  each  step.  The  completed  collision  can  then  be  played  as  a  movie, 
which  can  be  run  continuously  or  stepped  forward  or  backward  frame  by  frame. 
Perspective  three-dimensional  plots  show  energy  vs.  jc-  and  >'-momenium  of  each 
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particle  and  ihc  total  energy  and  momentum  of  the  system  before  and  after  the 
interaction.  All  three  displays  can  be  transformed  to  the  rest  frame  of  any  particle 
(except  a  light  flash),  to  the  zero-total-momentum  frame,  or  to  a  fra^  j  moving 
with  an  arbitrary  less-than-light  velocity  in  the  twonlimensional  spaual  plane  of 
the  collision. 

An  additional  demonstration  program.  Visual  Appearance,  is  available  on  some 
hardware  configurations  of  IBM  personal  computers.  It  shows  a  one-eyed  view  of 
a  rudimentary  landscape  seen  through  the  windshield  of  a  rocket  ship  moving  with 
any  speed  up  to  that  of  light  At  high  relative  speeds,  objects  appear  to  distort  and 
rotate.  One  version  also  shows  Doppler-shifted  colors;  no  version  attempts  to  pre- 
sent predicted  changes  of  intensity. 

I  have  used  sequential  versions  of  this  software  for  thiee  years  in  classes  at  the 
Massachusetts  Institute  of  Technology  and  for  two  years  at  Harvard  University 
Extension  School.  Professor  Gregory  Adkins  used  the  programs  in  a  fall  1987  class 
at  Franklin  and  Marshall  College.  Students  carry  out  about  one-third  of  the  home- 
work exercises  with  these  programs.  At  MIT  and  Harvard  they  also  complete  two 
take-home  projects  that  make  considerable  use  of  the  computer  utilities. 


Figure  1  Highway  display  in  the  Spacetime  program,  showing  clocks,  rods, 
light  flashes,  and  the  shuttle  (the  only  object  that  can  change 
lanes).  In  this  version  the  operator  drags  objects  onto  the  highway 
from  "object  wells"  at  the  bottom.  Two  scales  at  the  left  calibrate 
the  velocity  beta  =  v/c  of  the  different  lanes  and  the  corresponding 
tirr)e-st retch  factor  gamma  (printed  as  G).  Mouse  buttons  at  the 
lower  right  step  time  forward  and  backward  and  move  the  screen 
right  and  left.  Prmted  at  the  lower  left  are  frame  time  and  highway 
location  of  the  cursor  (not  shown). 
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Details  of  student  responses  to  the  programs  are  presented  elsewhere  2  In  brief. 
wi:h  few  exceptions  students  responded  enthusiastically  to  the  Spacetime  program, 
treated  Collision  with  the  i-espect  due  to  a  powerful  tool,  and  found  the  demonstra- 
tion program  Visual  Appearance  interesting,  but  not  particularly  useful "  CVcrall, 
students  said  they  found  the  programs  helpful  to  their  understanding  of  the  subject, 
easy  to  learn,  and  user  friendly.  Many  mentioned  the  usefulness  of  the  displays  in 
visualizing  the  results  of  special  relativity.  There  were  *ew  significant  differences 
among  the  responses  of  students  in  diflcrcnt  institutions  or  over  the  years  in  which 
the  classes  were  taught 

Our  overall  conclusion  from  these  U'ials  is  a  modest  one:  computer  graphics 
utilities  provide  a  useful  additional  tool  that  helps  students  engage  and  master  the 
subject  Graphics  utilities  are  important  because  they  require  student  manipulation 
of  the  models,  an  involvement  that  enhances  learning.  They  arc  particularly  valu- 
able in  visualizing  relativity,  where  no  one  has  direct  experience  of  the  primary 
phenomena  under  study. 

The  software  programs  Spacetime  and  Collision  arc  part  of  ihc  collection  *7omputc'S  m 
Physics  Instruction:  Software,  which  can  be  ordered  by  usir^  the  form  at  t  ie  end  of  this 
book. 

1.  For  information  on  availability  of  IBM  PC/XT/AT  and  \BK  PS/2  and  Macintosh  ver- 
sions of  these  programs,  write  to  me  at  room  26-147  1 1  the  address  above.  Bitnet: 
ETAYLOR@MrrVMA. 

2.  Edwin  F.  Taylor,  paper  submitted  to  the  American  J  out  lal  of  Physics.  Preprini  avail- 
able on  request. 


PPP:  A  Physics  Program  Pool  for 
Undergraduate  Level 

J.  Becker,  H.  J.  Korsch,  and  H.  J.  JodI 

Fachbereich  Physik,  Univcrsitat  Kamcrslauiern,  D  6750  Katserslautern.  West  Germany 


Some  students  lake  more  interest  in  solving  special  physical  problems  than  m  pro- 
gramming  a  computer.  The  Ptysics  Program  Pool  (PPP)  is  a  collection  of  physics 
courseware  develqxKl  for  IB  Vi  PCs.  PPP  courseware  is  addre^scu  .o  students  who 
want  10  use  comfortable  software  to  investigate  special  physical  problems  without 
writing  their  own  programs.  During  a  two-year  project  (1987-1989),  we  are  devel- 
oping PPP  programs  for  theoretical  physics  as  well  as  for  experimenla:'  physics  in 
student  labs.  These  programs  are  at  the  disposal  for  other  physics  departments  on 
request.  The  pool  presently  contains  about  25  programs. 

Membrane,  Discrete  mass  points  coupled  by  springs  form  a  model  for  an  oscil- 
lating membrane.  The  student  can  vary  the  form  of  the  membrane,  the  position, 
„and  the  frequency  of  excitation.  The  program  r^Jculates  the  propagation  of  the 
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excitation  and  shows  the  oscillating  membrane  pcrspcciively  in  the  manner  of  a 
film. 

Biliicrd.  The  student  can  study  the  motion  of  a  mass  on  a  billiard  table  limited 
by  an  arbitrary  convex  curve  in  configuration  space  as  well  as  in  phase  space. 
Depending  on  the  initial  conditions  and  on  the  form  of  the  border  periodic, 
quasiperiodic,  and  chaotic  motion  can  be  investigated. 

Linear  Optics.  The  student  can  set  different  optical  elements  (such  as  thin  and 
thick  lenses,  plane  and  spherical  mirrors,  diaphragms,  and  screens)  on  an  optical 
bench.  I.ie  progtam  presents  the  path  of  several  light  beams. 

Wdvepacket.  The  program  calculates  the  dynamics  of  a  on:-Jimensional  wave 
packet  in  an  arbitrary  potential  by  iteration.  Several  import  potentials  are  prcde- 
Hned,  but  any  other  analytical  potential  can  also  be  used.  One  typical  problem  to 
be  investigated  by  this  program  is  the  quantum  mechanical  tunnel  efTcci  for  which 
transmission  i^i  rcHcction  coefficients  can  be  calculated. 

Hydrogen  Atom,  The  hydrogen  wave  functions  in  the  ry-plane  can  be  prCo^ntcd 
for  arbitrary  sets  of  quantum  numbers  (n  <  50)  as  a  multicolor  "map"  or  as  a  per- 
spective "mountain." 

Milne.  The  program  allows  the  student  to  determine  energy  levels  and  wave 
functions  in  arbitrary  boundary  potentials;  in  addition,  he  can  calculate  expectation 
values  and  Franck-Cordon  factors. 

Tabula,  This  is  a  spreadsheet  program  designed  especially  to  support  analysis 
of  experimental  daia.  For  example,  it  allows  the  student  to  calculate  one  column  as 
a  function  others,  to  calculate  mean  values  and  siandard  deviations  and  to  plot 
columns  against  other  columns. 

Swing,  The  real  motion  of  a  torsion  pendulum  is  registered  by  the  computer.  By 
the  program,  the  student  can  investigate  harmonic  and  anharmcnic  oscillations  of 
the  pendulum  in  configuration  space  as  well  as  in  phase  space. 

Semiconductors,  The  student  can  record  and  display  complete  characteristics  of 
transistors  or  diodes. 

Radioactivity,  The  computer  registers  pulses  of  a  Geiger-Muller  counter.  The 
program  allows  the  student  to  measure  the  characteristics  of  the  counter  tube,  to 
analyze  counting  statistics,  and  to  determine  half-life  of  radioactive  sources. 


Demonstration  of  Physics 
Programs  Written  in  cT 

David  E.  Trowbridge,  Ruth  Chabay,  and  Bruce  Arne  Sherwood 

Center  for  Design  of  Educational  Computing,  Carnegie  Mellon  University,  Pittsburg 
PA  15213 


A  number  of  interesting  physics  programs^  have  been  written  in  cT  (formerly 
^     called  CMU  Tutor),  a  programming  language  especially  suitable  for  the  rapid  crc- 
j^j^i^"  ation  of  interactive  programs  for  modem  graphics-  and  mousc-orienicd  environ- 
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mcnls,^  This  postcr/dcmonslration  session  will  provide  an  opportunity  to  see  such 
programs  operate  in  an  integrated  cT  programming  environment.  The  physics 
materials  to  be  shown  represent  several  different  types  of  programs:  lecture 
demonstration  tools,  tutorials,  simulations,  exploratory  activities,  and  combinations 
of  these  forms. 

The  Center  for  Design  of  Educational  Computing  (cdec)  and  the  department  of 
physics  at  Carnegie  Mellon  University  are  developing  educational  physics  pro- 
grams that  use  the  cT  language  developed  by  cdec.  Programs  already  developed 
include  the  following: 

Graphs  and  Tracks,  by  David  Trowbridge,  This  program  comprises  two  activi- 
ties dealing  with  graphs  of  motion.  Students  are  shown  graphs  of  position,  velocity, 
and  acceleration  vs.  timt  and  they  create  arrangements  of  sloping  tracks  on  which 
a  rolling  ball  executes  fhc  r  ;olion  represented.  Stucicnls  watch  demonstrations  of 
motion  and  sketch  the  corresponding  graphs.  This  program  draws  on  the  work  of 
the  Physics  Education  Group  at  the  University  of  Washington. 

Waves,  by  David  Trowbridge.  This  tutorial  describes  wave  motion.  The  student 
engages  in  a  dialogue  on  concepts  of  waves,  including  ideas  of  amplitude,  frequen- 
cy, and  wavelength.  The  program  uses  a  variety  of  graphical  techniques  to  illus- 
trate its  points.  The  student  is  asked  to  enter  simple  mathematical  expressions  that 
describe  oscillations.  The  aim  is  for  the  student  to  develop  skills  in  writing  expres- 
sions for  sinusoidal  Uaveling  waves.  At  the  end  of  the  dialogue,  a  brief  quiz  is 
given.  Problems  are  stated  in  words,  with  numerical  parameters  generated  at  ran- 
dom. 

Efield,  by  David  Trowbridge.  This  is  a  graphical  simulation  of  elccuic  fields, 
developed  for  a  course  on  electricity  and  magnetism.  It  allows  students  to  a.sscmble 
a  collection  of  point  charges  of  varying  magnitudes.  The  student  can  explore  the 
resulting  elecuic  field  at  any  point  by  clicking  the  mouse.  There  are  three  alterna- 
tive views  of  the  field:  vectors,  directional  arrows  (vectors  of  fixed  length),  and 
field  lines.  An  optional  section  challenges  the  student  to  use  these  field-measuring 
tools  to  locate  hidden  charges  and  determine  their  magnitudes. 

Pluck  and  Bow,  by  Ned  Vander  Ven.  This  program  animates  the  motion  of 
plucked  and  bowed  strings  for  a  course  on  the  physics  of  musical  sound.  The  pro- 
gram demonstrates  the  detailed  motion  of  vibrating  strings  such  as  those  on 
suinged  instruments  and  offer  Fourier  spectra  for  the  motion. 

Quantum  Well.  This  program  allows  the  student  lo  use  a  mouse  to  build  an  arbi- 
trary square-comercd  well  and  choose  a  uiai  energy.  The  program  then  integrates 
the  SchrOdinger  wave  function  for  that  energy,  sianmg  from  minus  mfinity.  and 
plots  it  (typically  wiihoi  1  satisfying  the  boundary  condition  at  plus  infinity).  The 
original  program  was  \\riuen  by  Bruce  Sherwood,  Brad  Keisier  and  Harry  Stumph 
added  additional  options  that  offer  a  selection  of  analytical  well  shapes  and  the 
ability  to  have  the  computer  scan  for  wave  solutions. 

Robert  Schumacher  has  developed  a  suite  of  programs  used  in  an  advanced 
undergraduate  physics  laboratory  to  perform  various  kinds  of  analysis. 

For  those  interested  in  how  such  programs  arc  written  using  cT,  we  will  demon- 
strate the  cT  programming  environment,  which  features  incremental  compiling,  an 
"integrated  graphics  editor  that  produces  cTcode,  direct  use  of  multifont  text,  easy 
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control  or  keyset,  mouse,  and  menu  inputs,  and  unusual  portability  across  diverse 
machines. 

1.  D.  Trowbridge,  **Quick  Generation  of  Lecture  Demonstrauons  and  Student  Exercises,** 
in  Proceedings  cf  the  IBM  ACIS  University  Conference,  Discipline  Symposia:  Physics, 
Boston,  June  1987  (Boston:  IBM  Academic  Informition  Systems,  1987),  pp,  2-7, 

2.  B.  A,  Sherwood  and  J.  N.  Sherwood,  "CMU  Tulor  An  Integrated  Programming 
Environment  for  Advanced-Function  Work  Stations,**  in  Proceedings  of  the  iBM 
Academic  Information  Systems  University  AEP  Conference,  San  Diego,  April  1986 
(San  Diego:  IBM  Academic  Information  System.,  1986),  IV:29-37;  M.  Resmcr  **New 
Strategies  for  Development  of  Educational  Software,**  Academic  Computing,  22 
(December-January  1988). 


Microcomputer  Tools  for  Chaos 

Alan  Wolf 

Cooper  Union  School  of  Engineering,  New  York,  NY  10003 


Scientists  look  for  fundamental  physical  laws  that  can  predict  natural  phenomena. 
A  long-standing  problem  is  that  such  laws,  whose  mathematical  expression  is  often 
concise  and  therefore  "simple,**  have  been  believed  to  have  simple  solutions.  This 
is  in  dramatic  contrast  to  the  diverse  and  often  erratic  behavior  observed  in  nature. 

In  the  past  dcade,  "chaos  theory**  has  had  great  success  in  clarifying  the  rela- 
tionships between  physical  laws  and  the  properties  of  their  mathematical  solutions. 
We  now  know  that  a  deterministic  nonlinear  system  with  (j  ly  a  few  active  vari- 
ables may  e;ihibit  a  wide  range  of  behavior  ranging  from  highly  ordered  to  highly 
disordered.  Chaos  theory  is  now  well  developed,  and  applications  have  been  found 
in  such  areas  as  fluid  flow,  chemical  kinetics,  population  dynamics,  structural  anal- 
ysis, cardiac  and  brain  studies.^ 

My  research  has  concerned  the  detection  and  quantification  of  chaos  in  experi- 
mental data.  Often  one  has  a  system  in  which  a  time  scries  of  a  single  dynamical 
variable  is  available:  the  concentration  of  a  chemical  species,  a  voltage  trace  from 
an  EEC,  or  perhaps  the  time-dependent  location  of  a  node  in  a  structure.  We  iiia> 
know  very  little  about  the  system  or  the  nature  of  the  ob.scrvable  (which  could  be  a 
nonlinear  function  of  one  or  more  "underiying"  system  variables),  and  there  is 
likely  to  be  experimentally  inu-oduced  "noise"  in  addition  to  intrinsic  dyn-^^mical 
disorder.  I  have  made  some  progress  in  this  real-world  data-analysis  problem. 

I  will  present  software  that  serves  th  pedagogic  function  of  illusuaiing  chaotic 
systems  and  provides  the  researcher  with  tools  for  analyzing  chaotic  data,  Si;ch 
data  could  come  from  numerical  simulations,  or  from  an  actual  experiment.  Most 
of  these  programs  arc  written  iu  QuickBASIC,  a  few  are  vritten  in  FORTRAN;  and 
all  run  on  IBM  X^s  and  compatibles. 

Programs  tl^  t  illusuatc  chaotic  systems  solve  for  the  dynamics  of  systems  of 
Q  varying  complexity:  "geomeuic  chaos"  on  a  stadium-shaped  billiard  table,  the  n- 
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body  gravitational  problem,  coupled  pcndula,  one-  and  two-dimensional  mappings, 
and  sets  of  ordinary  differential  equations.  These  programs  are  all  graphically  ori- 
ented and  display  such  phcnomciia  as  bifurcation  si^^^uenccs,  fractal  structure,  and 
sensitive  dependence  to  initial  conditions.  Some  u  these  programs  gerujrate  data 
Files  that  may  be  tiscd  with  research  tools  software. 

The  research  tools  include  software  for  data  acquisition  (with  LAP  40  hard- 
ware by  Computer  Continuum),  power-specirSi  "analysis  and  filtering,  tc  ating 
delay-reconstructed  data  sets,  creating  Poincare  sections,  and  quantify  ing  chaos. 
Two  methods  arc  provided  for  the  latter  calculation  of  the  fractal  dimension  of  a 
time  series,  and  calculation  of  the  largest  Lyapunov  exponent  of  a  time  series. 

A  system  may  be  defined  as  chaotic  if  u  .  (hibiis  "sensitive  dependence  l'^  ini- 
tial conditions."  This  means  that  almost  all  identically  prcpareo  systems  shov  ,  on 
the  average,  an  exponentially  fast  divergence  in  their  future  behavior.  Lvapunov 
exponents  quantify  this  exponential  divergence  und  set  the  time  scale  on  which 
such  systems  are  "predictable"  in  the  usual  ^  I  have  developed  an  algorithm 
for  calculating  the  dominant  Lyapunov  exponcU.  This  has  been  used  successfully 
to  quantify  chaos  in  a  variety  of  systems.  Its  graphical  demonsuaiion  of  "sensitive 
dependence"  is  of  great  pedagogical  value.^ 

The  potcnti^j  audience  of  the  software  ranges  from  high  school  students  (some 
of  whom  Uve  used  and/or  developed  it  in  research  competitions),  to  undergraduate 
and  graduate  courses  in  mechanics,  to  researchers. 

Hardware  requircnenis  vary  somewhat  between  programs,  but  most  use  CGA 
or  EGA  graphics  and  benefit  from  (but  do  not  require)  an  80  by  87  math  coproces- 
sor. QpickBASIC  source  codes  and  executable  cedes  will  be  provided.  A  few  of 
the  research  tools  arc  written  in  Microsoft  FORTRAN  4.01.  Programs  are  interac- 
tive and  somewhat  sclf-documcnting,  but  additional  documentation  will  be  provid- 
ed. 

*.  Prcdrag  CviUmovic,  Univcrsaliiy  ai  CK^.-^r  (Bnsiol.  Adam  Hilgcr.  I  Jd,  1984). 
2.  Alan  Wolf  ci.  al..  "Dcicrnuning  Lyapun  )v  Expwr  ,nis  hou,  a  Time  Scries/*  Physica 
16D,  285  (1985). 


Chaotic  Dynamics: 
An  Instructional  Model 

Bruce  N.  Miller  and  Halim  Lehtlhet 

Dcp^^  (mem  of  Phystcw  lexas  Chri^iian  Umversily.  Fort  Worth.  IX  7ol2<J 
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Duiing  the  first  half  of  this  century  cla:6ical  j^jid  quantum  physics  was  sufficiently 
powerful  to  explain  in  deaiil  most  lin'::ar  phenomena.  Nonlinear  problems,  howev 
er,  such  as  the  stability  of  the  solar  system,  the  evolution  of  turbui^nce  rn  the  atmo- 
sphere, and  changes  in  the  global  population,  could  not  be  intelligentl)  actdressed. 
The  work  of  the  Russian  mathematicians  Kolmogorov.  Arnold,  and  Moser.  which 
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actually  started  in  the  middle  1950s  bul  was  not  widely  known  for  seme  lime  out- 
side of  the  USSR,  and  of  Mitchell  Feigenbaum  at  Los  Alamos,  which  started  in  the 
late  1970s,  altered  our  mderstanding  of  nonlinear  phenomena  for  all  time.  Their 
work  on  conservative  and  dissipative  sysiems  showed  that  chaos  and  uncertainty 
frequently  characterize  deterministic  dynamical  laws. 

During  the  past  decade  we  have  witnessed  a  revolution  in  our  understanding  of 
dynamical  phenomena  Although  the  focus  of  the  new  understanding  has  been  on 
theoretical  and  applied  physics,  the  concepts  have  found  imponani  applications  to 
biology  and  medicine,  chemistry,  and  astronomy. 

As  usual,  pedagogy  is  behind  research,  and  there  arc  few  texts  available  in  the 
field  of  chaotic  dynamics.  Because  it  is  the  nature  of  rKMilinear  analysis  that  many 
results  cannot  be  expressed  by  simp!e  equations,  carefully  designed  interactive 
computer  simulations  are  essential  tools  of  pedagogy  in  this  Field.  The  cenu^l 
objective  of  this  software  is  to  provide  graduate  and  undergraduate  students  of 
physicj  with  an  effective  tool  for  mastering  the  basic  concepts  of  nonlinear  dynam- 
ics. 

A  by-product  of  research  in  gravitating  systems  at  Texas  Christian  University  ^ 
was  the  development  of  an  apparently  simple  dynamical  model  th?t  a  freshman 
could  easily  visualize,  bul  that  nonetheless  possesses  all  of  the  features  of  conser- 
vative chaotic  dynamics  understood  to  date,  as  well  as  others  that  are  beyond  our 
present  grasp.  The  model  consists  of  an  accelerating  body  that  interacts  elastically 
(bounces)  from  a  wedge-shaped  boundary.  We  published  a  research  paper  on  this 
system  before  we  realized  its  potential  for  instruction.^  When  we  demonsu-ated 
some  preliminary  software  at  the  International  Conference  of  Physics  Education  in 
Balotin,  Hungary,  the  audiences  were  enthusiastic  and  we  received  numerous 
requests  for  copies  of  the  software.^ 

We  have  incorporated  this  model  into  an  interactive  softwa;c  package  entitled 
Wedge  dealing  expressly  with  conservative  systems.  The  software  can  essentially 
stand  alone  for  typical  physics  undergraduates:  little,  if  any,  additional  resource 
material  is  required.  The  package  consists  of  an  introduction  describing  the  main 
physical  characteristics  of  conservative  dynamical  systems,  a  thorough  description 
of  tlie  model,  insuiiclions  regarding  the  use  of  the  program,  a  demonsu^tion  run 
illusuating  its  essential  features,  and  the  interactive  program  itself  in  which  the  stu- 
dent can  completely  control  the  initial  conditions  and  all  system  parameters. 

The  software  is  a  useful  addition  to  the  regular  undergraduate  and  graduate 
courses  in  analytical  mechanics  required  in  all  physics  curriculum,  as  well  as  to 
special  topics  courses  in  chaos  and  nonlinear  phenomena. 

Insu^ctions  are  contained  on  the  diskette.  MS-DOS  is  required  for  the  PC. 

The  scftwarc  pru^^ram  Milliard  m  a  Grav national  *     'd  is  pan  of  the  collection  Compuier\ 
in  ^hysics  Instruction  Software,  which  can  be  ordered  by  using  the  form  ai  ilic  end  of  ihis 
book. 

1.  For  a  rev>w»  sec  Charles  J.  Reidl  and  Bruce  N.  MjIIer»  "Gr.ivuy  m  One  Dimension. 
Selective  Relaxation?"  in  Astrophys.  J.  318»  248  (1987). 

2.  H.  Lchtihet  and  B.  N.  Miller,  '•Numerical  Study  of  a  Billiard  m  a  Gravational  Field/' 
Physica  0  21,93(1986). 
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3.  "Falling  Body  in  t  Wedge:  What  Happens  When  the  Floor  Tilts."  in  Proceedings  of 
tPie  International  Workshop  on  Teaching  Nonlinear  Phenomena,  edited  by  George 
Marx  (Vesiprenu  Hungary:  National  Center  for  Educational  Technology.  1987).  pp. 
318-24. 


Exploring  Nonlinear  Dynamics 
and  Chaos  Using  an  interactive 
r^rogram  witli  Graphics 
Animation 

R.W.  Rollins 

Department  of  Physics  and  Astronomy,  Ohio  Universiiy,  Athens,  OH  45701 


We  will  describe  and  demonstrate  a  set  of  utilities  (The  Ohio  University  Chaotic 
Dynamics  Workbench),  consisting  of  over  5,400  lines  of  code  written  in  Turbo 
Pascal.  This  set  of  utilises  perform  interactive  numerical  experiments  on  nonlinear 
systems  modeled  by  ordinary  differential  equations.  Using  techniques  recently 
developed  in  the  field  of  chaotic  dynamics  it  analyzes  the  behavior  of  the  systems. 
The  program  emphasizes  direct  interaction  with  the  user  and  provides  an  animated 
graphical  di^lay  of  the  solution  in  phase  space  as  it  is  being  calculated.  A  user 
with  minimal  programming  experience  and  Turbo  Pascal  3.0  can  modify  one  of 
the  demonstration  program  source  files  so  that  all  the  capabilities  of  the  OV  CD 
Workbench  can  be  applied  to  the  user's  own  system  of  ordinary  differential  equa- 
tions. 

The  objectives  of  OU  CD  Workbench  are:  (1)  to  provide  a  tool  that  can  be  used 
to  demonstrate  the  physical  meaning  of  some  of  the  central  themes  of  the  new  and 
developing  field  of  chaotic  dynamics  including  fixed  points,  limit  cycles,  strange 
atlraciors,  sensitive  dependence  on  initial  conditions  (Lyapunov  exponent  spectra), 
fractal  dimensions,  period  doubling  route  to  chaos,  quasi-pcriodicity,  the  effect  of 
damping  on  the  dimension  of  the  attractor  (mode  reduction),  etc.;  (2)  to  provide  a 
tool  that  is  powerful  and  flexible  enough  to  do  exploratory  research  quickly  and 
reliably  on  any  system  that  may  be  modeled  by  a  set  of  ordinary  differential  equa- 
tions; and  (3)  to  provide  high-quality  graphics  in  an  interactive  environment  that 
will  give  qualitative  insights  into,  and  stimulate  conjectures  about,  problems  that 
appear  to  be  analytically  intractab  le. 

To  show  the  capabilities  of  ihe  OU  CD  Workbench  utilities,  we  will  demon- 
strate the  program  Duffing.  Duffing  numerically  integrates  the  set  of  differential 
equations  that  describes  a  unit  mass  moving  in  one  dimension  under  Jic  infiuence 
of  a  double-well  potential,  viscous  damping,  and  a  sinusoidal  driving  force  (motion 
described  by  a  DuPHng  equation).  This  simple  nonlinear  system  is  very  rich  in  its 
dynamic  behavior  and  can  be  used  to  demonstrate  many  concepts  of  chaotic 
dynamics. 
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OU  CD  Workbench's  demonstration  programs,  such  as  Duffing,  arc  intended  to 
be  used  in  ror^junclion  with  «ji  introductory  monogr^h  on  chaotic  dynamics.^  The 
programs  will  be  of  interest  to  those  who  are  interested  in  learning  or  teaching 
about  the  behavior  of  nonlinear  systems  and  the  new  concepts  used  in  the  field  of 
chaos.  Because  OU  CD  Workbench  can  be  used  to  explore  parameter  space  lapidly, 
those  with  a  professional  R;search  interest  in  chaos  will  also  find  the  program  use- 
ful. 

OU  CD  Workbench  has  many  attractive  features,  including  the  following, 
which  are  important  to  the  demonstration  program  Duffing. 

The  system  uses  either  a  fourth-order,  Runge-Kutta  method  with  fixed  step  size, 
or  a  Hamming  predictor-corrector  method  with  variable  step  size  to  integrate  the 
differential  equations. 

The  system  allows  the  user  to  change  model  parameters  (such  as  drive  an  !i- 
tude  or  frequency,  damping,  etc.)  "on  the  run. '  In  fact,  many  features  occur  or  arc 
initiated  while  the  program  is  integrating  away.  This  provides  a  very  interactive 
envirof  lent  in  which  to  play  (or  work). 

In  the  "Orbit"  mode,  the  user  may  switch  instantly  back  and  forth  between  a 
"live"  graphic  display  of  a  projection  of  the  trajectory  in  phase  space  and  a 
Poincare  section  of  the  trajectory.  The  user  may  select  the  particular  projection  in 
phase  space  and  type  of  Poincare  section  (subject  to  some  limitations).  Graphics 
display  areas  may  be  panned  and  zoomed. 

The  *TFlip"  mode  shows,  with  animation,  the  consequences  of  "sensitive  depen- 
dence on  initial  conditions."  The  user  may  switch  instantly  lO  the  "Flip"  mode  at 
any  point  in  the  calculation.  The  "Flip"  mode  calculates  and  displays  20  Poincare 
sections  at  20  equally  spaced  phase  intervals  as  the  driving  force  completes  each 
period.  Fach  of  these  Poincare  sections  is  a  "snapshot"  of  the  cross-section  of  ihe 
trajectory  (or  allractor)  at  a  particular  phase  of  the  driving  "orce.  The  animated  flip- 
card  effect  of  "Flip"  demonstrates,  in  a  dramatic  fashion,  the  folding  and  kneading 
20  disk  and  displayed  at  a  later  time  using  ihc  DSPFLP.COM  program,  which  is 
included  with  the  OU  CD  Workbench,  or  called  back  into  the  main  program  for 
further  calculation  and  display. 

At  any  time  while  in  the  "Orbit"  mode,  the  user  can  calculate  Lyapunov  expo- 
nents, which  give  a  quantitative  measure  of  the  sensitive  dependence  on  initial 
conditions.  The  system  uses  the  method  described  by  Wolf,  et  ai.^  The  results  of 
the  Lyapunov  exponent  spccu-a  are  also  used  to  estimate  the  fractal  dimension  of 
the  atlractor  by  calculating  the  Lyapunov  dimension  as  propose'i  by  Kaplan  and 
Yorice.3 

The  user  can  save  ten  different  setup  conditions  in  situation  keys  and  recall 
them  instantly  to  illustrate  any  point  desireJ.  The  user  c^n  also  save  input  data,  sit- 
uation-key .setup,  and  results.  Thus,  if  the  user  starts  again  later,  he  can  pick  up  the 
calculation  or  demonsuation  where  it  left  off. 

The  program  requires  an  IBM  PC/XT/AT  or  compatible  with  at  lea.st  512K  of 
memory,  two  flc^py  disk  drives  or  one  floppy  and  a  hard  disk  drive  (preferred).  It 
also  needs  an  8087  math  coprocessor,  IBM  color  graphics  adaptei,  graphics  moni- 
tor (color  or  B/W)  (EGA  with  CCA  emulation  is  supported  but  Hercules  graphics 
is  fiot),  DOS  2.0  or  higher,  and  an  EPSON  FX  or  IBM  graphics  printer  (option?!). 
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If  you  want  to  recompile  using  your  own  set  of  differential  equations,  you  will 
•iced  Turbo  Pascal  3jcx  (8087  version).  We  are  developing  an  updated  version  of 
the  OU  CD  Workbench  which  will  use  Turbo  Pascal  4A 

The  two  OU  CD  Workbench  demonstration  diskettes  contain  instructions  on 
"README"  flies.  Ilic  first  demo  diskette  COTtains  the  Duffing  program  and  the 
second  contains  a  set  of  20  previously  calculated  Poincare  sections  that  can  be  dis- 
played using  "DSPFLP." 

The  program  The  Ohio  University  Chaotic  Dynamics  Workbench  is  part  of  the  collection 
Computers  in  f'hysics  Instruction:  Scftware,  which  can  be  ordered  by  using  the  form  at  the 
end  of  this  booK. 

1.  Francis  C.  Moon,  Chaotic  Vibrations  (New  York:  Wiley -Interscience,  1987);  Pierre 
Berge,  Yves  Pomeau,  and  Christian  Vidal,  Order  and  Chaos  (New  York:  Wiley- 
Interscience,  19^^);  J,  M,  T  Thompson  and  H.  B.  Stewart,  Nonlinear  Dynamics  and 
Chaos  04ew  York:  Wiley,  1986);  Heinz  Georg  Schuster,  Deterministic  Chaos  (D-6940 
Weinheim,  Federal  Republic  of  Germany:  Physik-Verlag  GmbH.  1984), 

2.  A.  Wolf,  J.  B.  Swift,  H.  L.  Swinney,  and  J.  A.  Vasano,  "Determining  Lyapunov 
Exponents  from  a  Time  Series."  Physica  16D,  285  (1985). 

3.  J.  Doyne  Farmer,  Edward  Ott,  and  James  A.  Yorke,  "The  Dimension  of  Chaotic 
Atlraciors.*' Physica  7D.  153  (1983). 


Bouncing  Ball  Sinnulation  System 

Nicholas  3.  Tufillaro  and  Al  Albano 

Department  of  Physics,  Bryn  Mawr  College,  Bryn  Mawr,  PA.  19010,  and  Tyler  A  Abbott, 
Walnut  Creek,  CA  94598 


Bouncing  Ball  is  a  program  written  for  the  Apple  Macintosh  computer  that  accu- 
rately simulates  the  dynamics  of  a  ball  bouncmg  repeatedly  on  a  vibrating  table. 
The  Bouncing  Ball  program,  along  with  a  recently  aevelopcd  undergraduate  lab  in 
nonlinear  dynamics  and  chaos^  illustrates  many  of  the  ideas  and  methods  used  in 
describing  nonlinear  dynamical  systems. 

Bouncing  Ball  simulates  the  dynamics  of  a  ball  bouncing  on  a  sinusoidally 
oscillating  table.  The  user  can  vary  two  control  parameters  (the  tables  forcing  fre- 
quency and  amplitude)  along  with  the  initial  conditions  to  explore  different  period- 
ic and  chaotic  motions.  He  can  display  the  resulting  trajectories  in  configuration  or 
phase  space,  and  display  Poincare  maps  in  the  window-based  system.  The 
Bouncing  Ball  program  can  be  used  in  undergraduate  courses  and  is  a  valuable  aid 
for  lectures  and  demonstrations  in  nonlinear  dynamics. 

The  software  program  Bouncing  Ball  is  part  of  the  collection  Computers  m  Physics 
Instruction  '  Software,  which  can  be  ordered  by  using  the  form  at  the  end  of  this  book 

Development  of  this  program  was  supported  in  f>art  by  a  grant-in-aid  of  researc'  from  the 
O    National  Academy  of  Sciences,  through  Sigma  Xi,  the  Scientific  Research  Society. 
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1.  N.  B.  Willaro  and  A.  M.  Albano,  "Chaotic  Dynamics  of  a  Bouncing  Ball "  Am.  J. 
Phys.  54,  939  (1986);  T  M.  Mcllo  and  N.  B.  Tufiiiaro,  "Strange  Attractors  of  a 
Bouncing  Ball,"  Am.  J.  Phys.  55,  316  (1987);  N.  B.  Tufillaro,  T.  M.  Mcllo,  Y.  M.  Choi, 
and  A.  M.  Albano,  "Period  Doubling  Boundaries  of  a  Bouncing  Ball,"  J.  Physique  47, 
1477  (1986);  Kurt  Wiesenfeld  and  Nicholas  B.  Tufillaro,  "Suppression  of  Period 
Doubl'iig  in  the  Dynamics  of  a  Bouncing  Ball,"  Physica  26D,  321  (1987). 


Automata  on  the  Mac 

Nicholas  B.  Tufillaro 

Department  of  Physics,  Bryn  Mawr  College.  Bryn  Mawr.  PA  19010 

Jeremiah  P.  Reilly 

Philadelphia,  PA  191 

Richard  E.  Crandall 

Physics  Depart  nent,  Reed  College.  Portland.  OR  97202 


Current  research  on  cellular  automata  suggests  that  ihey  may  provide  insight  into 
the  behavior  of  numerous  physical  phenomena. i  These  computer-simulated  uni- 
verses, governed  by  simple  rules,  demonstrate  complex  and  unpredictable  behav- 
ior. Further,  there  is  a  captivating  beauty  inherent  in  many  cellular  automata. 

The  means  to  explore— to  play  with— cellular  automata  is  finally  within  reach 
of  most  computer  owners.2  We  have  developed  a  popular  cellular  automata  pro- 
gram, Att/t  tnatay  that  runs  on  the  Apple  Macintosh  computer  and  features  a  simple 
user  interface  allowing  one  to  explore  rules  and  initial  conditions  by  pointing  and 
clicking. 

Automata  has  many  applications  in  education.  We  have,  for  instance,  used  it  to 
teach  binary  addition  to  children  (six  year  olds).  Somewhat  older  children  learn  the 
art  of  experimentation  by  exploring  the  cellular-automata  universe.  Automata  can 
also  be  used  by  college  students  to  explore  the  elements  that  go  into  the  making  of 
"lattice  gas  models"  of  fluid  flows. 

We  will  begin  our  discussir  ^  cellular  automata  assummg  no  previous  knowl- 
edge of  the  subject  and  end  by  presenting  the  current  theories  about  cellular 
automata  and  what  the  future  may  hold  for  these  totally  discrete  models  of  natural 
phenomena. 

1.  Stephen  Wolfram,  Theory  and  Application  of  Cellular  Automata  (Singapore:  V'^rld 
Scientific,  1986). 

2.  N.  B.  Tufillaro,  "Cellular  Aulomala  Program/'  in  Who  Got  Einstein's  Office?  by  Ed 
Regis  (New  York:  Addison- Wesley,  1987). 
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Demonstrations  of  Liff usion- 
Limited  Aggregation  and  Eden 
Growth  on  a  Microcomputer 

G.  W.  Parker 

Department  cf  Physics,  North  Carolina  Slate  University,  Raleigh,  NC  27695-8202 


The  diffusion-limited  aggregation  (DLA)  model  provides  a  simple  method  of  sim- 
ulating real  processes  in  nature  such  as  the  aggregation  of  small  neutralized  metal 
particles  in  a  liquid,  driven  by  their  van  der  Waals  attraction  to  form  an  open  frac- 
tal-like structure. 

The  DLA  model  releases  particles  ai  random  locations  some  distance  from  a 
central  seed  particle  and  lets  these  particles  execute  random  walks.  They  execute 
these  random  walks  until  they  make  "contact"  with  the  seed,  in  which  case  they 
stick  to  it;  or  until  they  move  some  distance  farther  from  the  seed  than  where  they 
were  started,  in  which  case  they  are  "lost"  to  the  system.  The  injection  of  many 
such  particles  forms  a  structure  that  exhibits  branching,  treelike  growth. 

Counting  the  number  of  particles  N{R)  inside  a  sphere  of  radius  A'  centered  on 
an  arbitrarily  chosen  particle  of  the  cluster,  it  is  found  that  N{R)  =  const  * 
where  D  is  the  fractal  dimension.  In  two  dimensions  D  =  1.7,  which  satisfies  the 
theoretical  bounds  d-l  <D  <d,  where  d  is  the  dimension  of  the  space  (d  =  2  in 
two  dimensions).  In  three  dimensions,  D  =  2.S. 

I  have  wiitten  a  small  program,  Grow/DLA,  to  carry  out  the  DLA  process  in 
two  dimensions  on  a  Macintosh  microcomputer  using  Microsoft  BASIC.  The  inter- 
preted language  is  slow,  but  this  is  an  advantage;  it  allows  the  uses  to  follow  the 
rlifTusion  process  on  screen  as  it  unfolds.  After  a  number  of  hours  a  reasonable 
stricture  is  obtained  having  roughly  1,500  particles.  The  structure  can  then  be 
saved  to  disk  for  subsequent  replay  and  analysis  using  a  second  program.  Replay. 
Both  programs  carry  out  the  analysis  of  counting  particles  about  three  randomly 
chosen  centers  at  ten  different  radii.  Averaging  these  numbers  for  several  runs  and 
making  a  log  A^-vs.-log  R  plot,  one  finds  the  fractal  dimension  to  be  about  1.7,  as 
expected.^ 

My  third  program,  GROW/EDEN,  contrasts  growth  on  uic  DLA  model  with 
another  model,  the  Eden  model.  The  Eden  model  also  uses  a  seed  particle  to  initi- 
ate the  grov'th.  However,  no  particles  move  to  join  it.  Inste^J,  the  particles  materi- 
alize at  random  positions  next  to  the  seed.  Once  materialized,  they  bond  to  begin 
the  formation  of  a  cluster.  In  contrast  to  the  DLA  structure,  these  clusters  form 
with  a  uniform  density,  i.e.  they  have  D  =  d.  There  is  no  branching. 

The  branching  in  the  DLA  process  is  understood  in  terms  of  the  amplification 
of  local  inhomogeneities.2  The  random  walking  of  the  incoming  particles  produces 
local  inhomogcneities  on  an  initially  smooth  seed.  These  protrusions  in  turn  tend  to 
trap  incoming  particles  more  readily  than  other  nearby  a/eas,  thus  leading  to  a 
^-ching  type  of  growth. 
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In  my  p.^tntation  I  w\V  show  and  analyze  several  DLA  structures. 

1.  T  A.  Witten  and  L.  M.  Sander.  "Diffusion-LimiteU  Acereeaiion,"  Phys.  Rev.  27,  5686 
(1983). 

2.  T.  A.  Witten  and  M.  E.  Caics,  'Tenuous  Structures  from  Disorderly  Growth  Processes  " 
Science  232,  1607  (1986);  L  M.  Sander,  "Fractal  Growth,"  Sci.  Am.  25C,  94  (January 
1987).  ^ 


Star  Cluster  Dynamics  Simulation 
with  Dark  Matter 

John  J.  Oykia 

Departnxnt  cf  Physics,  Loyola  University,  Chicago,  IL  60626 


During  approximately  the  last  decade,  evidence  from  several  areas  of  observational 
astronomy  has  supported  the  concept  that  a  large  proportion  of  the  mass  of  the  uni- 
verse is  associated  with  so-called  dark  matter.  Dark  matter,  which  may  be  domi- 
nant by  an  order  of  magnitude  or  more,  contributes  to  gra/itational  dynamics  but 
not  to  the  eleco-omagnetic  radiation  we  have  detected  so  far.  Rubin  has  recently 
completed  a  survey  of  the  literature  on  dark  matter,  which  is  accessible  to  nonspe- 
cialists,  including  upper-division  undergraduate  physics  majors.i  Among  the  most 
important  conclusions  of  this  survey  are  the  ideas  that  the  dark  matter  is  clustered 
in  association  with  vi.sible  matter  and  that  it  is  probably  significant  on  scales  both 
somewhat  smaller  and  much  larger  than  the  size  of  a  typical  spiral  galaxy. 

I  have  developed  a  microcomputer  program.  Solar  Neighborhood  Cluster 
Dynamics  Simulator  that  simulates  the  behavior  expected  theoretically  of  the 
orbits  of  a  small  system  of  the  18  nearest  stars  as  they  would  be  if  ih-,  system  were 
independent  of  the  Milky  Way  galaxy.  Mass  and  initial  position  and  velocity  data 
were  adapted  from  those  presented  by  Dewdney  by  correcting  for  a  systematic 
error  in  his  length  scale.^ 

The  star  cluster  evolves  according  to  Newtonian  gravitation  and  dynamical 
laws  ^plied  in  three-dimensional  space.  The  plot  represents  a  ubical  volume  ini- 
tially enclosing  the  stars  projected  onto  a  square  region  of  the  viewing  screen. 
Although  displacement  and  velocity  components  normal  to  this  plane  are  not  obvi- 
ous in  the  visual  display,  they  are  used  in  the  calculations.  The  gr?/itational  inter- 
actions of  stars  that  leave  the  viewing  volume  are  also  included. 

The  user  begins  the  simulation  by  choosing  the  time  interval  between  plots  of 
positions  for  the  stars  in  the  evolving  cluster.  Next,  the  user  chooses  one  of  two 
rest  frames:  either  a  frame  in  which  the  sun  is  at  rest,  or  an  automatically  calculat- 
ed frame  in  which  the  center  of  mass  of  the  cluster  is  at  rest.  Finally,  the  user 
chooses  the  factor  by  which  to  multiply  the  mass  of  each  star  in  the  cluster..  This 
factor  represents  the  gravitational  influence  of  dark  matter  One  option  is  for  the 
prugram  to  multiply  the  masses  by  the  automatically  calculated  factor  required  to 
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satisfy  the  virial  theorem  relation,  as  presented,  for  example,  by  Marion,  between 
kinetic  and  potential  energies  in  a  relaxed,  bounded  system.^ 

Unless  the  xtms  of  dark  matter  is  within  a  very  narrow  range  of  that  required  by 
the  virial  theorem,  the  cluster  will  disperse  outside  the  initial  volume  or  collapse  to 
a  very  small  fraction  of  the  initial  volume  in  a  relatively  short  time. 

The  software  program  Solar  Neighborhood  Cluster  Dynamics  Simulator  is  psJl  of  the  col- 
lection Computers  in  Physics  Instruction:  Software,  which  can  be  ordcrod  by  using  the  fonn 
at  the  end    this  book. 

1.  Vera  C.  Rubin.  "What's  the  Mailer  in  Spiral  Galaxies?"  in  Highlights  of  Modern 
Astrophysics:  Concepts  and  Controversies^  edited  by  Stuart  L.  Shapiro  and  Saul  A. 
Tcukolsky  (N-w  York:  Wiley.  1986),  pp.  269-97. 

2.  A.  K.  Dcwdney*  "How  Close  Encounters  with  Star  Clusicrs  Are  Achieved  with  a 
Computer  iclescoj)e,"  Sci.  Am.  254, 24  (January  1986). 

3.  Jerry  B. '  irion.  Classical  Dynamics  of  Particles  and  Systems,  2nd  cdiuon  (New  York: 
Academic  Press,  1970).  pp  233-35. 


Educational  Software  for 
Undergraduate  Astrononny 

J.  C.  Evans 

Physics  Department,  George  Mason  University,  Fairfax,  VA  22030 

As  authors  of  a  widely  used  textbook  in  astronomy*  and  designers  of  sky-simula- 
tion software.^  we  hold  the  view  that  educational  software  should  not  duplicate  the 
function  performed  by  textbooks.  Textbooks  are  the  most  economical  means  of 
delivering  large  volumes  of  words.  Software  that  simply  displays  text  on  the  screen 
is  nothing  more  than  an  electronic  page  turner;  software  tliat  only  displays  static 
illustrations  is  but  an  electronic  viewgraph.  Educational  software  should  avoid 
booklike  serial  presentations;  it  should  take  advantage  of  the  possibilities  of  the 
medium  to  engage  users  in  an  interactive  fashion  that  books  cannot  duplicate.  To 
accomplish  this,  the  design  of  the  software  must  lake  advantage  of  these  pedagogi- 
cal strengths  of  microcomputers:  (1)  They  provide  multiple  and  dynamic  pathways 
from  one  fwint  to  another.  (2)  They  simulate  the  behavior  of  physical  phenomena 
through  animation;  (3)  They  present  and  demonstrate  physical  concepts  graphical- 
ly; (4)  They  perform  extensive  calculations  as  needed  to  illustrate;  and  (5)  They 
require  the  user  to  think  and  then  to  perform  a  series  of  actions  based  on  his  under- 
standing of  the  conce  pts  and  phenomenology. 

If  software  docs  not  provide  variety  in  the  way  in  which  a  user  progresses 
thi  jugh  it  with  each  use,  it  becomes  boring  and  will  be  used  very  sparingly. 
Properly  designed  educational  software  will  supply  condimmg  mterest  to  users  by 
appealing  to  their  sense  of  exploration. 

We  Lave  designed  a  set  of  learning  modules  for  an  undergraduate  course  in 
^  astronomy.  Astronomy  is  a  highly  visual  subject  and  lends  i  self  to  being  taught 
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through  graphic  simulation  and  animation.  Such  techniques  cdn  help  illustrate 
astronomical  phenomena,  concepts,  and  processes.  Reviews  and  user  feedback  on 
our  existing  sky-simulation  Software  convince  us  that  our  basic  Dreinise  is  sound, 
and  we  believe  that  our  pedagogical  philosophy  is  adaptable  to  all  the  biological 
and  physical  sciences. 

In  pedagogical  design,  our  learning  modules  are  suitable  for  use  in  lecture 
demonstrations,  in  conjunction  with  laboratory  exercises,  or  in  indcpendenl  s'udy 
They  cover  topics  that  are  normally  part  of  an  introductory  course.  They  engage 
users  to  both  "think  and  do"  by  providing  multiple  paths  to  the  same  end  point. 
They  avoid  testing  comprehension  by  verbal  questions  on  the  screen,  since  com- 
panion workbooks  can  do  this  much  more  efficiently.  They  are  not  to  be  keyed  to 
any  specific  book,  but  rather  supplement  any  college-level  text 

In  technical  design,  our  modules  make  extensive  use  of  data  from  the  Data 
Center  of  the  NASA  Goddard  Space  Flight  Center.  They  include  rigorous  calcula- 
tions of  such  aspects  as  position,  motion,  astrophysical  processes,  and  recurring 
phenomena;  and  compile  an  MS  QuickBASIC  program.  In  order  to  support  labora- 
tory Courses,  three  of  the  modules  are  data  files  with  simple  display  interfaces. 

The  first  data  module,  based  on  the  work  of  Br:t;:gnon  and  Simon,  provides 
both  heliocentric  and  geocentric  positions  of  the  sun  and  planets  for  any  time 
between  1  January  1950  and  31  December  2050.^  The  second  data  module  is  a 
modified  version  of  the  well-known  Ys'e  Bright  Star  Catalogue."*  The  final  data 
module  displays  data  on  nonstellar  objects,  such  as  galaxies. 

In  this  meeting  we  will  report  on  and  demonstrate  the  first  module  in  the  scries, 
a  sky-simulation  module.  This  module  is  a  revision  and  adaptation  for  the  IBM 
PS/2  series  of  our  earlier  HP  design.  It  allows  users  to  explore  the  skies  without 
outdoor  observation,  which  can  [>c  hampered  by  bad  weather.  The  module  simu- 
lates the  appearance  of  the  sky  as  seen  from  any  position  on  the  earth  for  any  time 
between  1950  and  2050.  It  simulates  the  relative  brightness  of  stars  down  to  fifth 
magnitude  for  approximately  5,000  stars  and  100  nonstellar  objects.  It  simulates 
tiie  motions  of  the  sun,  moon,  and  eight  planets,  and  displays  their  orbits  relative  to 
the  background  stars.  It  permits  the  showing  of  on-off  overlays  of  constellation 
aslcrisms,  galactic  and  celestial  equator,  and  ecliptic. 

Users  may  explore  the  skies  at  will  or  ask  for  locations  and  rise  set  times  for 
any  of  the  following:  the  sun,  the  moon,  ihs  planets,  any  of  88  constellations,  any 
of  the  100  brightest  stars,  any  of  100  nonstellar  objects. 

This  work  is  supported  in  part  by  a  contract  from  the  IBM  Corporation,  which 
is  acknowledged  with  gratitude. 
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The  Rhyme:  Experimenting  and  Theorizing 

The  words  "rhyme  and  reason"  arc  most  oflcn  used  with  the  negative  connotation 
of  ihc  phrase  "without  rhyme  or  reason,"  And  too  often  that  is  what  happens  in 
technically  oriented  enclaves  like  this  conference:  we  pursue  technology  without 
rhyme  or  reason.  In  this  talk  I  want  to  give  rhyme  and  reason  to  our  pursuit  of  a  set 
of  powerful  tools, 

General-Purpose  Hardware 

Microcomputer-based  labs  (MBL)  seem  finally  to  have  arrived,  judgmg  by  the 
number  of  contributed  and  invited  talks,  by  the  number  of  different  products  cur- 
rently available,  and  by  the  increasing  interest  in  large-scale  implementation  ol 
MBL.  After  12  years,  we  seem  to  have  finally  broken  the  chicken-and-egg  prob- 
lem: there  are  enough  products  on  the  market  to  interest  educators,  and  there  arc 
enough  educators  ready  to  purchase  MBL  products  that  there  is  signiticant  com- 
mercial interest  As  a  result,  a  broad  spectrum  of  sensors  and  interfaces  running  on 
all  the  popular  microcomputers  are  now  available.  You  can  measure  temperature, 
lighl,  force,  pressure,  magnetic  field,  distance,  acceleration,  timing,  pH,  dissolved 
oxygen,  heart  rate,  blood  pressure,  muscle  tone,  skin  conductance,  sound,  and 
much  more.  You  can  turn  your  computer  into  a  oscilloscope  or  a  counter/timer;  you 
have  the  flexibility  to  make  it  into  virtually  any  instrument. 

In  spite  of  all  this  progress,  there  is  still  much  work  to  be  done.  The  MBL  world 
is  chaotic,  with  special-purpose  interfaces  and  idiosyncratic  software.  For  reasons 
of  simplicity  for  educators  and  intellectual  coherence  for  students,  it  would  be  far 
better  if  there  were  only  a  few  very  general-purpose  MBL  software  packages  thai 
worked  the  same  way  in  all  the  different  computers  and  interfaced  to  each  oi  a 
small  number  of  general-purpose  interfaces.  These  mterfaccs  would  all  accept  die 
widest  possible  range  of  probes  and  actuators.  In  some  of  our  more  recent  work  we 
are  beginning  to  move  in  this  dir-xtion,  I  will  begin  by  showing  some  gene  i-pur- 
pose  hardware,  move  on  to  some  general-purpose  software,  and  then  discuss  some 
of  the  strengths  of  the  MBL  approach. 

To  design  a  laboratory  interface  tliat  can  plug  into  any  computer,  you  must  use 
the  standard  RS-232C  serial  port.  Though  its  limited  dau-transfer  rate  makes  ihc 
serial  interface  far  from  idei*!  for  this  work,  its  universality  makes  it  difficult  to 
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ignore.  Almost  every  computer— Macintosh,  IBM,  clones,  lap  tops,  even  the  incx 
pensive  Radio  Shack  100— has  a  built-in  serial  interface.  Of  popular  comput 
only  the  Apple  He  does  not  come  wiih  one  buill  in  (llie  lie  and  IIGS  have  it),  Ti.i,> 
means  that  a  lab  interface  that  communicates  with  the  host  computer  over  a  serial 
line  can  be  made  to  work  with  any  computer;  invest  in  a  lab  interface  today  and  it 
will  still  be  useful  next  year  when  you  buy  a  better  computer,  Funhemox,  some 
of  the  tricki-rst  code  having  to  do  with  real-time  interfacing  has  to  be  m  ROM  in 
the  interface.  This  means  that  application  software  that  uses  a  serial  lab  interface  is 
simpler  than  software  for  corresponding  special-purpose  interfaces, 

I  designed  the  first  inexpensive  serial  interface  back  in  1982  and  convinced 
CDL  to  maricet  it  as  the  universal  analog  lab  GJAL).  This  three-chip  circuit  (shown 
in  Figure  1)  is  still  an  extremely  attractive  unit  and  a  very  nice  student  project. 
From  the  perspective  of  the  host  computer,  it  could  not  be  simpler  The  ho^v  .>cnds 
it  a  number  n  from  zero  to  seven.  The  interface  responds  with  a  number  from  zero 
to  255  uiat  represents  the  digital  equivalent  of  the  applied  voltage  on  input  number 
n.  The  numbers  are  sent  in  8-bit  binary  format,  which  means  that  you  cannot  use 
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Figure  1« 


A  schematic  of  the  universal  analog  lab.  The  0809  is  an  S  chan- 
nel,  8-bit  analog-to-digital  converter.  When  the  universal  serial 
asynchronous  receiver/transmitter  (U3ART)  receives  a  complete 
byte  from  the  computer,  it  starts  the  analog-to-digital  converter, 
using  one  of  the  eight  analog  inputs.  When  the  conversion  is 
complete,  the  usart  is  sirnaled  to  transmit  the  resulting  8-bit 
value  back  to  the  computer. 
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the  usual  A^^CII-oricntcd  interface  drivers.  But  aside  from  that  minor  complication, 
it  is  easy  to  use  and  has  found  wide  application.  Unfortunately,  the  UAL  was  a 
commercial  flop.  Afrer  CDL  invested  heavily  in  bringing  it  out,  they  tried  to 
recoup  much  of  that  cost  in  the  Hrst  few  units  sold.  As  a  result  the  price  was  too 
high,  and  not  many  sold.  In  addition,  CDL  had  not  yei  solved  the  chicken-and-egg 
problem;  users  did  not  know  they  wanted  the  product  and  so  they  did  not  buy  it. 

The  next  serial  lab  interface  developed  in  our  laboratories  was  the  universal 
serial  interface  (USl)*  conceived  as  a?  Apple  game-paddle  port  on  the  end  of  a 
serial  line.  Humble  as  it  is,  the  Apple  game-paddle  port  has  proven  to  be  a  mar- 
velously  versatile  lab  interface  with  four  resistance-analog  inputs,  four  digital-out- 
put lines  and  three  digital-input  lines.  A  very  wide  range  of  laboratory  inputs  and 
outputs  have  been  developed  Jor  the  game-paddle  interface.  This  game-port  inter- 
face played  an  important  role  in  solving  the  chicken-and-egg  problem;  it  made  it 
possible  to  create  MBL  products  with  dirt-cheap  uansducers.  The  only  probe  elec- 
tronics required  for  a  temperature  or  light  interface  is  a  one-aollar  ihermislor  or  a 
fifty-cent  phoiotransistor.  I  hope  that  the  USI  will  play  a  similar  role  in  breaking 
the  chicken-and-egg  cycle  for  serial  interfaces. 

In  keeping  with  the  game-paddle  analogy,  the  USI  has  been  designed  for  low- 
cost  applications;  we  have  uicd  as  much  as  possible  to  keep  the  price  down,  pn- 
manly  by  resisting  "creeping  featurism."  Creeping  fcaturism  is  a  highly  contagious 
technological  disease  that  involves  giving  in  to  the  impulse  to  add  features,  no  one 
of  which  makes  much  difference  in  the  price,  but  the  sum  of  which  defeats  the 
original  design  goal  of  low  cost. 

The  USI  was  designed  as  part  of  our  modeling  projeu  .0  provide  a  laboratory 
input  for  Macintoshes.  Hearing  of  the  USI,  Priscilla  Laws  joined  forces  wuh  us 
and  applied  the  USI  to  a  Macintosh-based  project  at  Dickinson  College.  As  a  con- 
sequence, most  of  the  present  laboratory  software  .'or  the  USI  is  Macintosh  based, 
but  that  is  really  a  historical  accident;  the  USI  has  been  used  with  the  IBM  and  can 
be  used  with  any  other  computer  that  has  a  serial  port. 

The  USI  was  specifically  designed  for  backward  compatibility.  Many  of  the 
resistive  probes  designed  for  the  Apple  game  port  plug  directly  into  it.  We  included 
a  voltage-input  feature  so  wc  could  put  on  two  six-conductor  telephone  jacks  that 
would  accept  any  of  the  probes  developed  under  our  MBL  project  and  marketed  by 
HRM  Software.  This  means  that  the  ultrasonic  motion  deiaior,  temperature,  and 
soun('  inputs,  as  well  as  a  header  c^.^iroller  currently  on  the  market,  will  plug 
dire  y  into  the  USI.  Another  do/.cn  probes  and  actuators  currently  under  dcvck)p 
ment  will  be  compatible. 

The  comrcrcuM  status  of  the  USI  is  still  very  much  m  doubt,  Wc  distributed 
about  35  surplus  interfaces  to  colleagues  at  the  end  of  our  modeling  project,  Wc 
hope  to  generate  enougn  demand  that  we  can  find  a  commercial  distributor  who 
will  lake  over  the  burden  of  manufacturing  and  supporting  ihem. 

IBM's  Phil  Smith  recently  caught  the  MBL  bug.  and  he  has  created  far  and 
away  the  best-designed  MBL  interface,  next  to  which  any  other  MBL  interface 
appears  amateurish.  As  is  often  the  case.  IBM  profits  from  what  others  have 
learned.  From  an  engineering  view,  iheir  interface,  the  personal  science  lab  (^SL), 
^   ipaiilJelcd  among  low-cost  interfaces. 
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Figure  2.    The  personal  science  lab  (PSL)  with  temperature  and  motion 
deteciors  plugged  into  two  of  its  four  inputs. 


The  basic  PSL  ui.il  (sIu)\mi  in  I'l^urc  2^  .Kt^opis  lour  uifiruIgcliKv  iniorLu».s 
i»KU  ^M|>|H)ri  ;i  wide  r.Hig'*  o!  proivs  A  general  pur|X)s(.  laloii  ^..irirKige  lus  pluiis 
lor  lcni|H:ralurc.  Iii^hi  and  pM  wnsors.  Aiu>ihcr  cariridgc  a».».c|)Ls  iiiKrupluiiK-  aiul 
lugti-sjKvd  voliai»c  inpuis  A  ihird  Lariridgc  conlains  RAM  ihai  can  Iv  usod  li> 
hulfcr  high-sjKcd  signals  liiai  arc  lunnclcd  imo  ihc  hi^si  coniruUT  ilirough  iIk 
slower  serial  line.  A  lourih  cariridge  is  for  proloiyping.  which  allows  users  U)  •.re 
ale  sjKCial  iniorraecs  kv  the  PSL  An  anibilious  range  of  additional  inierLkes  has 
iKcn  proioiy|)cd  or  planned. 

Pcrhaps  the  most  cxciung  feature  of  the  PSL  is  its  exparulahilit)  You  can  sta».k 
up  lo  64  interfaces  and  interlace  :\  different  computer  to  each  le\el  ol  the  MaA. 
Suppose  you  instrumented  an  e\|Knsi\e  apparatus,  such  as  aii  automohile  engine, 
with  ten  stacked  units:  each  ol  ten  computers  ccu.'d  have  access  io  all  the  pruhes  on 
that  engine.  Belter  >et»  a  oatter>  pack  would  l>e  a\ailahle  lor  the  hoiioni  o!  tiu 
sUK*<  and  a  keyboard  and  leadout  unit  available  lor  the  top.  Iliis  would  alknv  .on 
to  use  tlie  PSL  awa>  Irom  the  host  comf)uter  Hiologist.s  should  lo\e  the  baiiu> 
pack  lor  fielJ  measurements,  and  anyone  v^ho  wants  to  Iree  up  the  host  lompui^i 
while  gather  ng  daui  over  a  long  ume  (KruKl  will  Tind  it  a  convenience. 

The  eommcrci'il  status  ol  the  PSL  is  als'>  tnc'  rUun  at  tins  time.  Al  wugh  1H\1 
has  developed  it  and  is  showing  it  at  ircetings  like  u*;:»  one.  liie  PSL 's  not  >et  an 
announced  IBM  product.  It  seems  th:'  IBM  is  rot  >et  ccriain  whaher  the  chicken- 
and-cgg  problem  has  been  solved.  I  trust  liicy  w.!!  find  u  b.is  fKen.  The  l\SL  is  an 
^  excellent  product  and  w  ill  increase  IBM's  stature  in  the  edikatumal  comnuinii> 
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Figuni  3.  PSL  Toolkit,  showing  two  graphs  of  the  same  event,  one  display- 
ing  acceleration  against  position  and  the  other  velocity  against 
time. 


Integrated  Scftware 

To  parallel  the  development  of  universal  hardware  solutions  to  MBL,  we  also 
need  to  develcq)  universal  software  solutions.  Universal  software  should  be  able  to 
take  data  from  any  probe  or  combination  of  probes,  display  the  data  in  a  natural 
way  in  real  time  while  it  is  being  collected,  and  then  perform  a  wide  range  of  gen- 
eral-purpose analysis  functions  on  these  data.  The  software  should  be  able  to  iden- 
tify the  probes  plugged  into  the  interface  and  give  the  user  choices  appropriate  to 
these  probes.  In  this  environment,  there  can  be  so  many  options  that  it  is  essential 
to  have  some  menu-driven  macro  facility  so  that  beginning  students  can  perform 
complicated  setups  and  analysis  functions  by  selecting  named  setups  or  functions. 

The  PSL  Toolkit  has  some  of  the  gwierality  needed  in  MS-DOS  computers  for 
the  PSL.  One  of  the  nice  features  of  the  Toolkit  software  is  that  computations  can 
be  done  in  real  time  as  data  are  being  gathered  in  order  to  generate  multiple  vari- 
ables, any  one  of  w^ich  can  be  graphed  against  any  other  in  either  of  two  graphing 
windows.  As  an  example.  Figure  3  shows  acceleration  being  graphed  against  posi- 
tion in  the  upper  graph,  and  velocity  against  time  in  the  lower  graph.  These  data 
were  recorded  and  displayed  as  a  spring-mass  system  was  oscillating.  Partway 
through  the  data  run,  the  spring  was  grasped  approximately  at  center,  causing  the 
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An  analysis  of  the  upper  graph  of  figure  3,  showing  two  least- 
square  fits  to  different  parts  of  the  run.  The  absolute  vaiue  of  the 
slope  should  be  proportional  to  the  spring  constant,  wh'-^h  was 
changed  during  the  run. 


frequency  of  oscillation  to  increase.  Assuming  an  ideal  spring,  the  slope  of  the 
acceleiation-vs.-distance  phase  plot  should  be  -t'w.  You  can  use  the  software  to 
make  any  points  on  the  graph  and  fit  those  points  to  a  straight  line.  Points  generat- 
ed by  ^.  two  conditions  of  the  spring  are  identified  and  mariced,  and  straight-line 
segmt    fit  to  each  of  those  regions  in  the  display  shown  in  Figure  4. 

Rgure  5  shows  the  same  software  package  measuring  the  cooling  of  the  sample 
to  room  tcmperUiue.  When  the  equilibrium  temperature  is  subtracted  from  each  of 
the  values,  points  near  the  very  end  of  the  run  are  eliminated,  and  the  logarithm  of 
the  resulting  values  is  taken  and  fit  to  a  straight  line,  the  graph  in  Figure  6  results. 

We  are  interested  in  extending  the  range  and  generality  of  this  software  pack- 
age, particularly  In  how  students  might  use  this  software  and  whether  they  can  eas- 
ily master  it. 


Theory-Building  fools 

As  part  of  our  modeling  project,  we  have  bccri  exploring  ways  to  complemen: 
the  data-gathering  capacity  of  MBL  tools  with  powerful  tools  for  theory  building. 
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Figure  5.    A  cooling  curve  taken  with  the  PSL  Toolkit 

An  environment  that  combines  data  gathering  with  theory  building  allows  a  stu- 
dent u>  move  easily  between  theory  and  experiment,  greatly  enhancing  learning. 

The  model-building  environmenr  we  are  investigating  is  based  on  systems 
dynamics  and  educational  strategies  Jevelcped  by  the  systems  dynamics  gix^up  at 
MIT.  Systems  dynamics  is  designed  to  rolve  problems  involving  coupled,  possibly 
nonlinear,  differential  equations  where  time  is  the  only  independent  variable. 
Certainly  not  all  problems  one  would  like  to  model  fall  into  this  category,  but  a 
very  large  number  do — and  in  all  the  scientific  disciplines.  MBL  is  particularly 
appn^riate  to  systems  dynamics  because  it  is  often  used  to  collect  time-dependent 
data,  which  is  just  what  systenris  dynamics  models. 

The  MIT  systems  dyri^jnics  group  learned  to  teach  business  students  who  had 
no  understanding  of  calculus  to  set  up  and  solve  complicated  dynamics  mo^^cis. 
The  key  to  the  MIT  ^roach  is  a  hydraulic  metaphor  that  gives  an  intuitive  repre- 
sentation of  integration  and  differentiation.  This  metaphor  is  based  on  a  valve  and 
tank:  fluid  flows  through  the  valve  at  a  rate  determined  by  the  valve  and  accumu- 
lates in  the  tank.  The  amount  of  the  fluid  in  the  tank  is  the  integral  of  the  rate 
through  the  valve.  Conversely,  the  rate  of  flow  through  the  valve  is  the  derivative 
ot  the  level  in  the  tiJik.  Users  can  control  the  valves  by  using  functions  that  depend 
on  constants  and  levek  in  the  tanks.  Originally  the  valve-and-tank  neta  '\or  w.is 
simply  a  learning  aid  used  with  paper  and  pencil.  More  recently,  the  software  pack 
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Figura  6,    An  analysis  of  the  cooling  curve  data  from  figure  5,  showing  a 
graph  of  log(r-ro). 


age  Stella  provides  a  flexible,  graphical  environment  on  the  Macintosh  allows 
the  user  to  specify  a  system  using  this  metaphor  completely.  The  system  then 
quickly  generates  graphical  solutions  for  the  resulting  systems. 

Our  modeling  software  combines  MBL  with  a  simplified  modeling  environ- 
ment using  the  valve-and-iank  metaphor,  but  modified  by  what  we  have  learned 
through  extensive  use  of  Stella  with  students.  Our  system  allows  us  to  display  both 
real-lime  MBL  data  and  output  from  models  on  the  same  graph.  The  MBL  data 
comes  from  the  universal  serial  interface  that  was  developed  for  this  project.  The 
model  data  is  generated  from  valve-and-tank  templates.  Instead  of  developing  the 
model  from  scratch,  we  found  it  much  more  instructive  to  have  students  select  the 
appropriate  model  from  one  of  several  templates  provided  and  then  adjust  con- 
stants within  the  model  to  match  the  data. 


A  Reason:  Student  as  Scientist 

The  rich  set  of  MBL  and  modeling  tools  could  have  a  major  impact  on  physics  and 
teaching.  It  may  make  less  important  our  present  distinction  bttween  calculus- 
based  and  noncalculus-bascd  phy.sics.  We  can  use  :hcse  tools  to  make  physics  far 
less  formidable  and  confusing  for  students  whose  mathematical  abilities  are  not 
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strong.  Wc  can  use  ihcsc  tools  to  place  more  emphasis  on  intuition,  and  i  the  s^inie 
lime  give  students  the  ability  i )  solve  interesting,  complex  problems. 

Perhaps  the  most  important  and  revolutionary  option  created  by  this  technology 
is  that  it  allows  students  to  undertake  their  own  original  investigations.  Much  of 
what  is  wrong  with  science  education  is  that  students  only  learn  about  science,  they 
do  not  participate  in  a  meaningful  way.  Students  at  every  grade  level  should  have 
an  opportunity  to  undertake  physics  experiments,  to  participate  as  fully  as  they  can 
in  learning  something  new  about  the  natural  world.  Hands-on  participation  pro- 
vides a  motivation  and  focus  that  is  hard  to  equal,  and  more  important,  it  is  the 
only  way  to  give  students  an  accurate  understanding  of  what  science  is  about, 
whether  their  careers  lead  them  into  science  or  their  responsibility  as  voters  forces 
them  to  deal  with  technological  issues. 

Our  experience  with  the  NGS  Kids  Network  project  shows  that  meaningful  par- 
ticipation in  science  is  both  a  possible  and  exuemely  valuable  form  of  science  edu- 
cation for  students  at  the  elementary  level.  Kids  Network  is  important  because  it 
suggests  what  might  be  accomplished  at  the  high  school  and  college  levels. 

The  Kids  Network  project  is  targeted  at  average  fourJi-  through  sixth-grade 
students.  The  project  offers  curriculum  units  that  require  four  to  eight  weeks  of 
classroom  time.  Eajh  unit  is  based  on  oiic  or  more  measureiuenjs  that  kids  perform 
and  share  nationwide  among  themselves  and  with  a  participating  scientist  who  has 
a  research  interest  in  the  measurements.  The  first  unit  developed  loci  ses  on  acid 
rain.  In  this  unit  students  measure  the  pH  of  rain  that  they  collect.  In  sxi^u  an  excit- 
ing environment,  student  learning  is  phenomenal.  Not  only  do  they  learn  how  to 
measure  pH  and  what  some  of  the  effects  of  acids  and  bases  are,  but  th^  y  also  fre- 
quently demonstrate  deep  understanding  of  the  scientific  method.  After  one  group 
of  studc  .ts  observed  a  high  variability  in  their  data  (they  were  estimating  the  stan- 
dard deviation),  they  decided  on  their  own  to  repeal  the  measurement  (thereby 
reducing  the  deviation  by  increasing  the  number  of  observations),  John  Miller,  a 
deputy  director  of  A 's  acid  deposition  siudy,  is  exU-emely  interested  in  the  pro- 
ject; when  fully  implc»nented,  the  Kids  Network  project  will  have  »nany  times  the 
20u  stations  in  this  present  network. 

We  expected  the  Kids  Network  to  be  interesting,  but  we  were  surpiiscd  by  the 
enthusiasm  and  seriousness  and  deep  learning  that  the  project  generated.  The  anec- 
dotes that  come  from  our  extensive  field  testing  are  heartwarming.  Asked  whether 
they  know  any  scientists,  most  students  :.aid  "no"  beforehand,  bu.  afterward  many 
said,  somewhat  hesitatingly,  "Well,  wc  are  all  scienusts."  Teachers  write  us  to  say 
they  are  going  to  postpone  their  early  retirements  in  order  to  continue  teaching  m 
the  more  exploratory  vein  that  we  encourage.  Many  teachers  use  the  Kids  Network 
not  only  as  a  way  of  teaching  science  but  also  as  a  focus  to  an  mtegratcd  classroom 
experience  because  of  its  value  in  writing,  reading,  social  studies,  mathematics, 
and  current  events.  Many  of  the  participating  teachers — remember,  this  is  elemen- 
tary school — reported  that  they  had  never  before  felt  comfortable  with  sciei  or 
technology.  One  principal  devoted  almost  his  entire  commencement  address  to  the 
project,  using  it  as  an  example  of  how  progressive  his  school  was.  And,  of  course, 
the  potential  for  worldwide  communication  (eight  sites  in  Canada,  and  one  each  in 
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Hong  Kong,  Argentina,  and  Israel)  helps  us  all  to  gel  to  know  each  other  better  and 
may  hasten  the  day  when  war  is  unthinkable. 

If  we  can  provide  a  structured  but  meaningful  scientific  experience  for  cicmcn- 
tary  school  students,  even  more  exciting  forms  of  collaborative  projects  are  possi- 
ble at  the  high  school  and  colle^je  level.  I  dream  of  a  lime  when  students 
worldwide  work  together  to  collaborate  on  important  and  original  projects,  moni- 
toring the  environment,  observing  the  stars,  studying  their  cultures,  and  teaming 
with  scientists  for  data  collection  and  analysis.  If  every  major  high  school  had  a 
team  of  students  measuring  radioactive  fallout,  then  whcr  there  is  another 
Chernobyl  or  Three  Mile  Island  incident,  not  only  will  there  be  interesting  data 
gathered,  but  there  will  also  be  believable,  local  experts  who  can  talk  reasonably 
about  the  level  of  radiation,  background  radiation,  and  biological  hazards.  What  an 
opport!mity  to  educate  the  public  and  stamp  out  some  of  the  incredible  misinfor- 
mation that  surfaces! 

We  will  soon  launch  a  new  project,  LabNet,  that  is  designed  to  create  such  a 
netwoik.  Combininf^  telecommunications  with  MBL  and  modeling  technologies, 
LabNet  will  fccus  on  giving  teachers  the  background  and  tools  necessary  to  foster 
and  support  student  expcrir  uon.  We  do  not  expect  students  to  become  scien- 
tists overnight  on  their  own»  but  we  can  provide  laboratories  and  scaffolding  to 
encourage  them  to  develop  their  own  projects.  One  such  offering  is  the  "divergent 
laboratory."  The  divergent  laboratory  is  a  set  of  exercises  that  inu-oduce  a  tech- 
nique or  kind  of  measurement  in  ?  way  that  is  initially  very  structured  but  then 
Of)ens  out,  or  diverges,  into  many  different  possible  measurements.  We  will  also 
:rtate  a  series  of  monitoring  networks  for  measuring  raiioaclivt:  fallout,  seismic 
activity,  and  weather.  We  will  provide  instructions  for  constructing  simple  stations 
in  such  networks.  Simply  setting  up  and  calibrating  such  a  station  would  be  an 
imponant  project,  but  we  will  also  encourage  smdents  to  improve  on  the  designs 
and  share  those  improvements,  or  to  branch  out  on  ihcir  own  and  create  their  own 
networks  and  experiments. 

One  of  the  critical  aspects  of  this  project  will  be  a  link  of  these  students  to  pro- 
fessional scientists.  In  many  other  counu-ics,  professional  scientists  are  much  mor>: 
mvolvcd  with  education  than  in  the  United  Stales.  To  the  extent  that  professional 
scientists'  neglect  of  education  stems  from  logistical  problems  and  time  con- 
straints, telecommunications  offers  hope  for  the  future.  From  the  comfort  of  home, 
the  participating  scientists  can  make  a  major  contribution  by  logging  on  to  LabNet 
and  assisting  students  any  time  they  have  a  few  available  minutes.  I  appeal  to  all  of 
you  to  help  us  in  this  effort  and  to  recruit  others. 

Some  of  the  materials  incorporal^ii  »n  this  work  were  developed  with  the  financnl  suppav. 
of  TERC  through  the  National  Science  Fou  idailon  grants  DPE-8319155,  MDR-8550373,  and 
MDR -86521 20  >nd  with  equipment  donated  by  Apple  Computer  Corporation. 
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The  Macintosh  Oscilloscope 

Elisha  R.  Muggins 

Department  (^Physics,  Dartmouth  College,  Hanover,  NH  03755 

We  have  been  using  the  computer  in  our  iniroductory  physics  courses  since  the  late 
1960s,  when  we  used  it  mainly  to  calculate  satellite  orbits.  (Students  calculated 
Apollo  orbits  as  the  spacecraft  were  going  to  the  moon.)  The  computer  allows  stu- 
dents to  woric  realistic  problems^  which  encourages  students  to  work  in  areas  not 
traditionally  associated  with  inoxxluctory  or  even  undergraduate  physics. 

A  popular  area  for  student  projects  has  been  the  harmonic  analysis  of  the 
sounds  of  isical  instruments.  The  student  compares  the  harmonic  structure  of 
notes  from  sunilar  instruments  of  different  quality  in  order  to  understand  why  one 
instrument  sounds  better  than  another.  One  pair  of  students  compared  high  C  on  a 
spinet  piano,  an  upright  piano,  and  a  grand  piano.  The  harmonic  structure  beyond 
the  fundamental  was  disorganized  for  the  spinet,  somewhat  organized  for  the 
upright,  and  had  a  very  definite  structure  for  the  grand  piano.  The  suidents  could 
see  the  progression  to  a  larger,  better-defmed  instrument  Another  student  analyzed 
the  whale  sounds  from  the  Judy  Collins  record  Sounds  of  the  Humpback  Whale. 
Although  these  sounds  seemed  nothing  more  than  squeaks,  han.:onic  analysis 
showed  that  they  were  produced  by  an  instrument  even  more  su-uctured,  more 
grand,  than  the  grand  piano.  (Whales  use  their  blowholes  as  organ  pipes.) 

The  process  of  doing  a  harmonic  analysis  was  horrendous  in  the  late  1960s. 
Students  took  a  Polaroid  photograph  of  an  oscilloscope,  enlarged  the  photograph 
with  an  opaque  projector,  uaced  the  outline  on  a  large  sheet  of  graph  paper,  located 
100  or  so  data  points,  lyved  them  into  the  computer  on  a  Model  33  Teletype,  and 
then  wrote  a  program  in  BASIC  to  do  the  analysis.  Students  completing  this  proce- 
dure deserved  considerable  credit. 

To  su-eamhne  and  simplify  this  process,  we  inuoduced  graphics  terminals, 
minicomputers,  microcomputers,  and  fmally  a  Macintosh.  Our  next-to-last  system, 
a  $12,000  minicomputer  system,  grabbed  the  data  and  automatic ^!ly  sent  it  to  the 
time-sharing  system  for  analysis.  This  system  had  several  flaws  that  prevented  its 
widespread  adoption.  First,  it  cost  too  much.  Second,  data  could  get  lost  in  the 
transmission  to  time  sharing.  The  addition  of  a  microcomputer  could  have  over- 
come either  of  these  flaws.  But  a  microcomputer  could  not  overcome  the  most 
important  problem:  in  the  lab,  it  is  more  convenient  to  turn  knobs  and  read  dials 
than  type  command::.  In  short,  a  computer  that  is  controlled  by  typing  commands 
on  a  keyboard  is  not  a  good  laboratory  instrument.  Because  a  computer  in  the  labo- 
ratory feels  like  a  computer,  not  a  laborato<7  insmiment,  many  colleagues  would 
not  use  the  system. 

The  Macintosh  computer  is  different.  The  scroll  bars,  combined  with  accurate 
scales  printed  on  the  screen,  provide  outstanding  instrumental  conu-ol.  And  there 
are  also  various  kinds  of  buttons  for  discrete  conu-ols  and  the  menu  for  major 
changes  in  the  mode  of  operation. 
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Four  years  ago  we  decided  to  turn  the  Macintosh  into  a  first-class  oscilloscope 
that  had  the  ability  to  grab,  store,  and  analyze  data.  Our  main  objective  was  to 
make  the  Macintosh  feel  like  a  laboratory  oscilloscope  so  that  our  colleagues 
would  use  it.  We  closely  modeled  the  HewleU  Packard  oscilloscope  that  had  been 
used  successfully  in  our  introductory  labs  for  the  past  20  years.  At  this  point  we 
can  go  up  to  a  frequency  only  of  around  10  Hz  (50,000  points  per  second),  but  we 
have  two  differential  inputs,  similar  time  and  trigger  controls  and  amplification 
ranges,  just  as  the  HP  scope  docs.  We  also  have  dual-beam  capability  with  A  and 
B,  A  versus  B  and  A  minus  B,  triggered  either  on  A  and  B  independently  or  on  A 
alone.  (In  a  chopped  mode  where  we  grab  points  alternately  from  the  two  curves, 
we  have  to  run  nearly  ten  times  slower  because  the  inpui  amplifier  and  offset'*  have 
to  be  reset  for  each  point) 

Our  system  has  many  capabilities  that  go  beyond  the  HP  scope.  Our  sweep  time 
can  be  adjusted  anywhere  in  the  range  from  one  millisecond  to  one  month.  When 
data  are  taken  at  a  rate  slower  than  1/40  of  a  second  per  point,  all  60-Hz  noise  is 
eliminated.  When  any  curve  is  grabbed,  in  most  cases  we  automatically  get  1.5,000 
daia  points  (equivalent  to  18  feet  of  Macintosh  pixels).  One  of  our  main  efforts  has 
been  to  develop  convenient  ways  of  scrolling  through  and  adjusting  these  data  for 
convenient  viewing. 

The  principle  reason  for  turning  the  Macintosh  into  an  oscilloscope  is  to  have 
the  experimental  data  in  the  computer  so  that  they  can  be  analyzed.  We  use  the 
Fourier  analysis  package  as  our  major  analysis  package  in  the  program,  but  we 
have  also  built  in  a  complete  editor  so  that  data  files  can  be  saved  in  text  formal  for 
analysis  by  other  programs  such  as  Excel  or  Cricket  Graph, 

The  original  data  file,  along  with  all  the  conditions  of  the  oscilloscope,  can  be 
saved  as  a  "MacScope"  file.  When  a  "MacScope"  file  is  opened,  the  Macintosh 
oscilloscope  returns  to  precisely  the  same  scuings  that  were  selected  when  the  file 
was  saved.  We  have  used  this  feature  to  increase  the  reality  of  lecture  demonstra- 
tions. During  the  demonstration  we  grab  the  data  as  a  "MacScope"  file  and  put  that 
on  our  public  network.  There  is  also  a  copy  of  the  "MacScope"  program  on  the 
network.  At  night  the  students  download  both  "MacScope"  and  the  data  file,  run 
"MacScope"  wilii  the  lecture-demonstration  data,  and  carry  out  homework  assign- 
ments on  the  actual  data  of  the  demonstration  they  saw  in  class. 

The  accompanying  screen  dumps  in  figures  1  through  12  illustrap  -.ome  of  the 
capabilities  of  the  Macintosh  oscilloscope. 
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Figure  1.  Oscilloscope  trace  of  the  sounds  of  a  finger  snap.  Notice  the  pre- 
trigger  data  at  times  less  than  zero.  The  "S"  scroll  bar  changes 
starting  tim'  the  "T"  scroll  bar  expands  or  contracts  the  time 
scale,  and  the  "0"  scroll  bar  shifts  the  voltage  offset.  The  trigger 
level  is  set  by  the  box  with  a  pointer  on  the  left  side  of  the  screen. 
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Figure  2. 
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DATA  FILE  ^ 
Created  by  MocScope 
3/29/88 
3  37  58  AM 

Time  in  Milliseconds 
CurveA  in  M-.lliVoUf: 

Time  CurveA 
-2  000  2685 
-1960  1391 
-1920  1830 

-1  840    1  366  m 

nniiSec  ^"mI 

Here  ve  have  contracted  the  time  scale  for  the  finger-snap  data 
of  figure  1  and  stretched  the  oscilloscor>e  window  to  look  at  more 
data.  We  have  selected  and  saved  data  in  the  region  from  -2  ms 
to  36  ms  as  the  text  file  scen  in  the  "Data  File"  window.  This  t  :t 
file  can  be  used  by  programs  such  as  Excel  or  Cricket  Graph  for 
further  analysis. 

iS7 


172 


Computers  in  the  Physics  Laboratory 


^  File  Data  Input  flmp  Time  UHndotu$  Hordtuore  Edit  Analyze 


Thermocouple  I 


[stop/Go] 


Control 


Uoltag*  Scale 

1^1  I  I  I'M" 


503  STOPPED 

.  ®Free 
O  Trigger 

251 
125 

•  0  nicpoUolts  <fl) 
-125 
-251 
-377 


•503 


[  Pt/LjnT] 
[    Grid  1 

84  Seconds 


□  Lock  Scale 

O  Single  Curue 
®  Dual  Curue 

Controls  ftcl  On 

S  Curue  fl 

□  Curue  B 
iSujap  fl/B| 

Tp I gg«p 
®Trig  fl 
O  Trig  fl  and  B 
OTrig  fl  grab  B 

Mod* 

□  fl  US  B 

□  fl  minus  B 


Figure  3.  With  ampiification  up  to  a  factor  of  64,000  times,  we  do  not  need 
an  external  amplifier  to  make  direct  readings  of  a  thermocouple, 
seen  here  as  curve  A,  We  have  displayed  the  dual  beam  controls, 
but  here  there  is  no  input  for  curve  B  (dotted  line). 
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Figure  4.  Fourier  analysis  of  the  vowel  sound  "eee."  We  tell  students  that 
the  bottom  window  is  a  "mathematical  prism''  that  separates  the 
sound  waves  into  their  different  frequency  or  wavelength  compo- 
nents. The  mathematical  prism,  however,  assumes  that  the  wave 
is  periodic.  That  is  why  we  have  selected  one  cycle  of  the  wave  in 
the  upper  window. 
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Fi9ur«  5.  The  selected  section  of  the  sound  wave  of  figure  4  is  expanded  to 
fill  the  upper  display  window,  and  we  see  that  the  wave  has  a  fre* 
quency  of  373.1  Hz.  Clicking  on  the  fundamental  harmonic  in  the 
lower  FFT  graph  shows  how  closely  our  selected  section  of  sound 
wave  can  be  represented  by  a  single  sine  wave. 
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Figure  6. 
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Here  we  have  selected  all  the  harmonics  up  through  the  eighth, 
and  we  obtain  a  fairly  accurate  representation  of  the  sound  wave. 
Because  we  can  select  any  combination  of  harmonics,  we  can 
study  the  effects  of  low-pass,  high-pass,  or  notch  filters. 
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Figure  7.  Analysis  of  an  experimental  square  wave.  We  grabbed  the  square 
wave  from  an  HP  oscillator,  selected  one  period  of  the  wave,  and 
then  reconstructed  the  wave  from  the  first  four  nonzero  harmon- 
ics. Notice  that  the  even  harmonics  arc  missing  and  the  odd  ones 
go  as  1/N.  When  you  click  on  the  button  labeied  0,  the  phases 
and  then  the  intensities  of  the  Fourier  components  are  displayed. 
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Figure  8.    When  a  laser  beam  passes  through  a  slit  structure,  it  makes  the 
resulting  diffraction  pattern  in  the  Fourier  transform  of  the  slit 
pattern.  Here  we  made  a  four-slit  structure  using  a  two-volt  bat- 
tery and  a  switch.  The  Fourier  transform  accurately  resembles  th 
four-slit  diffraction  pattern  seen  and  recorded  in  our  diffractiot 
laboratory  experiment. 
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Figure  9.  The  uncertainty  principle  AE  AT  ^  h.  If  we  have  a  pure,  infinitely 
long  sine  wave  (AT  =  infinity),  then  we  have  a  singleharnnonic  and 
the  f rec;uency  (or  energy)  of  a  particle  is  known  precisely  (AE  =  0). 
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Fi  3rm  10.  The  uncertainty  principle  continued.  If  we  look  at  a  wave  for  only 
a  short  time  AT  (one  <7cle  in  this  case),  there  is  a  fair  spread  of 
harmonics  and  tht*  'uncertainty  in  frequency  or  energy  of  the 
wave  is  large. 
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Figure  11  If  we  look  at  the  wave  for  twice  as  long  a  time  as  in  figure  10 
(double  AT),  the  spread  in  harmrni:;s,  and  therefore  aE,  is  cut  in 
half. 


Figure  12.  Doubling  AT  again  cuts  the  sprea«i  AE  in  half  again. 
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Tools  for  Scientific  Thinking: 
Learning  Physical  Concepts  with 
Real-Time  Laboratory 
Measurement  Tools 


Ronald  IC  Thornton 

Center  for  Science  and  Malhemaiics  Teaching,  Tufts  University,  Medford,  MA  02155 


Lcamer-controlled  explorations  in  ihc  physics  laboratory  with  easy-tr>  ti^c  real- 
time measurement  tools  give  students  immediate  feedback  b>  presenting  data 
gra|)hicaUy  in  a  manner  that  they  can  understand.  Using  microcomputer-based  lab- 
oratory (MBL)  sensors  and  software,  students  can  simultaneously  measure  and 
grs^  such  physical  quantities  as  position,  velocity,  acceleration,  f  )rce,  tempera- 
tuie»  light  intensity,  sound  pressure,  current  and  potential  difference.  These  MBL 
tocds  provide  a  mechanism  for  more  easily  altering  physics  pedagogy  to  include 
methods  found  to  be  effective  by  educational  research.  The  ease  of  data  collection 
and  presentation  encourage  even  badly  ptepa^  students  to  become  active  partici- 
pants in  a  scientific  process  that  often  leaiS  them  to  ask  and  answer  their  own 
questions.  The  general  nature  of  the  tools  enables  exploration  to  begin  with  stu- 
dents* direa  experience  of  the  familiar  physical  world  rather  than  with  q)ecialized 
laboratory  equipment  The  real-time  graphical  display  of  actual  physical  measure- 
ments of  dynamic  systems  directly  couples  symbolic  representation  with  physical 
phenomena.  Such  MBL  fools  and  carefully  designed  curricula  based  on  education- 
al research  have  been  used  to  teach  physics  concepts  to  a  wide  range  of  students  in 
universities  and  high  schools.  Data  show  that  students  learn  basic  physical  con- 
cepts not  often  learned  in  lectures  when  they  use  MBL  tools  with  carefully 
designed  curricular  materials. 


Some  Problems  w'  h  Physics  Education 

Ther^  is  strong  evidence  that  introductory  physics  students  in  the  usual  college  and 
university  lecture  courses  are  not  learning  concepts  necessary  to  dieir  understand- 
ing of  the  physical  world.  This  paper  presents  some  additional  evidence. 
T^tional  science  instruction  in  the  United  States,  refined  by  decades  of  work, 
has  been  shown  to  be  ineffective  in  altering  suident  misconceptions  and  simplistic 
understandings.  Even  at  the  university  level,  students  (even  science  majors)  leave 
physics  courses  with  fundamental  misunderstandings  of  the  world  about  them 
essentially  intact:  their  learning  of  facts  about  science  remains  in  the  classroom  and 
has  no  effect  on  their  thinking  about  the  larger  physical  world.  The  ineffectiveness 
of  these  courses  is  indq)endent  of  the  ^parent  skill  of  the  teacher,  and  suident  per- 
fomumce  does  not  seem  to  depend  on  whether  stu  !ents  have  taken  physics  courses 
O  n  secondary  schooU 
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One  of  the  reasons  ihat  traditional  science  courses  have  failed  in  this  respect  is 
that  they  do  not  make  strong  connections  between  the  everyday  experiences  of  the 
students  and  the  concq)ts  these  students  learn  in  the  cla^room.  At  the  same  time 
these  courses  do  not  address  the  incomplete  ^'understandings'*  that  serve  suidents 
well  within  limited  domains  but  do  not  lead  to  the  general  principles  underlying 
deq^er  scientific  understanding.  Unless  a  course  is  planned  carefiilly  to  examine 
simple  understandings  and  to  introduce  general  principles  while  addressing  mis- 
omceptions,  students*  ideas  will  not  change. 

Developing  Physical  Intuition  in  the 
Physics  Laboratory 

Even  successful  physics  students  who  can  solve  all  of  t^c  problems  at  the  end  of 
the  chapter  generally  lack  physical  inui^tion— a  relL^bie,  accurate  response  to  Uie 
physiod  world  based  on  an  understanding  of  its  underlying  {vinciples.  In  fact, 
physics  honors  students  have  been  shown  to  have  fundamental  concq)Uial  difficul- 
ties.^ In  contrast,  stunts  who  develop  physical  intuition  have  a  conceptual  quali- 
tative understanding  that  can  be  implied  outside  of  the  classroom  in  their  everyday 
interactions  with  the  physical  world.  Thus  it  is  likely  to  be  fruitful  to  alter  the  way 
we  teach  science  students:  we  should  begin  with  what  students  can  learn  by  arrang- 
ing their  interaction  with  the  physical  world  around  them,  and  then  connect  that 
learning  to  the  underlying  principles  that  constitute  scientific  knowledge. 

A  well-designed  science  laboratory  can  provide  the  sorts  of  experiences  neces- 
sary to  correct  misconceptions  and  to  develop  useful  physical  intuition.  The  labora- 
tory is  one  of  the  few  places  where  students  can  truly  participate  in  the  processes 
of  science  by  gaining  firsthand  knowledge  of  physical  phenomena,  consuiicting 
the  themes  necessary  to  understand  the  physical  world,  and  formulating  their  own 
questions.  Altering  misconceptions  generated  by  interaction  with  the  physical 
world  requires  additional  interaction.  Recent  developments  in  cognitive  science 
and  education  substantiate  the  importance  of  empirical,  heavily  phenomenological 
experiences  in  learning  science  skills  and  concepts.^  One  of  the  ways  Arnold 
Arons  suggests  to  increase  student  learning  is  to  provide  the  means  for  students  to 
form  concepts  from  concrete  experience.^ 

In  fact^  laboratories  are  often  omitted  from  or  deemphasized  in  physics  courses 
because  the  teaching  laboratory  is  thought  to  be  a  place  not  where  studenf<?  !eam 
physics,  but  a  place  where  they  develop  laboratory  skills  of  limited  academic  use- 
fulness. The  reality  is  that  many  science  laboratories  do  not  encourage  exploration. 
They  offer  "cookbook**  instructions  that  often  seem  unrelated  to  physics  concepts, 
and  they  require  time-consuming  calculations.  Many  laboratory  instruments  are 
hard  to  use  and  unreliable.  In  addition,  the  results  that  emerge  after  an  enormous 
amoimt  of  effort  are  what  one  would  expect  anyway.  Because  of  these  things,  the 
traditiopal  physics  teaching  laboratory  is  often  ignored  by  faculty  and  disliked  by 
saidents.  Such  laboratories  are  better  omitted  from  courses  because  they  discour- 
age stodents.  They  provide  o  new  information  about  nature  and  give  an  incorrect 
view  of  the  process  of  science.  Yet  science  laboratories  are  not  a  fnll  that  can  be 
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discarded  without  consequence.  The  absence  of  the  direct  experience  afforded  by 
the  laboratory  can  make  science  less  interesting  and  less  accessible. 

Scientists  rarely  "'preach  what  they  practice.**  Science  is  exciting  to  scientists 
because  they  are  engaged  in  discovery  and  in  creatively  building  und  testing  mod- 
els to  explain  the  worid  around  them  (the  practice).  In  most  courses,  suidents  "'do** 
no  science;  they  hear  lectures  about  already  validated  theories  (the  preaching).  Not 
only  do  they  not  have  an  oppoomaiy  to  form  their  own  ideas,  they  rarely  get  a 
chance  to  ^ly  the  ideas  of  others  to  the  wc^Id  around  them. 

It  is  especially  important  for  students  in  introductory  courses  to  have  direct 
experience  with  physical  phenomena,  but  inexperienced  students  are  particularly 
vulnerable  to  the  problems  with  teaching  labs  described  above.  Such  suidents  have 
not  develq)ed  sc^isticated  laboratory  techniques,  honed  investigative  skills,  or 
become  familiar  with  analytical  skills,  so  it  is  difficult  to  construct  laboratory  expe- 
riences where  they  can  successfully  ask  and  answ^  questions  that  interest  them. 
The  efkort  to  ensure  that  students  with  minimal  laboratory  skills  get  the  '"right" 
answer  has  led  to  exercises  with  overly  explicit  instructions  that  direct  students 
through  routine  steps  to  confirm  known  answers  to  uninteresting  questions. 

Tools  for  Scientific  Thinking 

The  Tools  for  Scientific  Thinking  project  of  the  Center  for  Science  and 
Mathematics  Teaching  at  Tufts  University  is  addressing  some  of  the  problems  out- 
lined above  by  introducing  microcomputer-based  labor^ory  (MBL)  tools  and  cur- 
ricula for  colleges  and  high  schools.  Students  need  powerful,  easy-to-use  scientific 
tools  to  collect  and  display  physical  data  it  in  a  manner  that  can  be  remeinbercd, 
manipulated,  and  thought  about  Such  tools  can  go  a  long  way  toward  making 
teaching  laboratories  engaging  and  effective  for  develq)ing  useful  scientific  intu- 
ition. This  sort  of  MBL  tool  was  first  developed  at  the  Techni'^al  Education 
Research  Centers  (terc),^  and  is  now  readily  available.^  MBL  tools  can  eliminate 
the  drudgery  associated  with  data  collection  and  display  and  allow  students  to  con- 
centrate on  scientific  ideas.  MBL  tools  can  be  structured  to  encourage  inquiry  and 
thereby  avoid  ''cookbook""  laboratories.  Because  of  their  ease  of  use  and  pedagogi- 
cal effect  veness,  well-designed  MBL  instruments  are  especially  well  suited  to  the 
revitalization  of  science  laboratories.  Such  tools  make  an  understanding  of  physi- 
cal phenomena  more  accessible  to  naive  science  learners  and  expand  the  investiga- 
tions that  more  advanced  .students  can  undertake. 

MBL  instruments  give  science  learners  unprecedented  power  to  explore,  mea- 
sure, and  learn  from  the  physical  world.  They  do  not  simulate  physical  phenomena 
but  change  inexpensive  computers  into  instruments  for  student-directed  explo- 
ration of  the  physical  world.  MBL  instruments  of  the  type  developed  by  terc  and 
Tufts  make  use  of  inexpensive  microcomputer-connected  probes  to  measure  such 
physical  quantities  as  temperature,  position,  velocity,  acceleration,  sound  pressure, 
light,  and  force.  These  tools  can  also  measure  physiological  indicators  such  as 
heart  rate.  Measurements  taken  by  the  probes  are  displayed  in  digital  and  graphical 
form  on  the  computer  monitor  as  the  measurement  is  taken.  Data  can  also  be  u^s- 
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formed  and  analyzed,  printed,  or  saved  onto  disks  for  later  analysis.  Carefully 
develc^  scflwarc  makes  these  laboratory  tools  easy  to  use  the  Hrst  time  MBL 
tools  dktate  neither  what  is  to  be  investigated  nor  the  steps  of  an  investigation. 
Consequciitly,  students  feel  in  control  of  their  own  learning.  Moreover,  these  gen- 
eral tools  can  be  used  with  many  diflferent  curricula  by  both  physics  majors  and 
nonmajcHs. 

As  part  of  the  Tools  for  Scientific  Thinking  project,  we  have  tested  laboratory 
curricula  and  MBL  tools  at  varied  institutions  including  California  Polytechnic 
State  University,  Dickinson  College,  Massachusetts  Institute  of  Technology, 
Muskingum  College,  University  of  Oregon,  Tufts  University,  and  Xavier 
University.  The  project  is  making  available  a  number  of  microcomputer-based  lab- 
oratory modules  and  curricula  that  emphasize  the  role  of  the  physics  teaching  labo- 
ratory. The  materials  are  designed  to  give  students  the  means  to  build  physical 
intuition  (a  conceptual,  qualitative,  usable  understanding  of  the  physical  world). 
Such  laboratories  are  accessible  to  the  naive  science  learns  and  provide  a  founda- 
tion for  the  rest!  ^turing  of  science  courses  for  nonmajors  as  well  as  majors.  The 
project  is  funded  by  the  Fund  for  the  Improvement  of  Postsecondary  Education 
(fipse)  of  the  U.S.  Department  of  Education.  This  project  is  linked  to  another  hpse- 
funded  project.  Workshop  Physics,  which  is  developing  an  entire  introductory 
physics  course  sequence  that  will  replace  the  traditional  physics  course  with  a 
workshop  format  designed  to  enhance  student  interaction  with  the  physical  world.'^ 


Learning  Kinematics  Concepts  with  MBL 
Tools  and  Curricula 

Using  a  motion  detector  designed  by  terc  and  curricula  developed  by  the  Tools  for 
Scientific  Thinking  project  at  Tufts,  university  and  high  school  students  have  suc- 
cessfully learned  kinematics  concepts  that  they  did  not  learn  in  lectures.  The 
motion  detector  (hardware  and  software)  is  able  to  measure,  display,  and  record  the 
distance,  velocity,  and  acceleration  of  any  object.  The  hardwa'^c  was  devclopvd 
from  a  sonic  iiansduccr  used  in  Polaroid  cameras.  The  motion  probe  is  essentially 
a  SONAR  unit  that  sends  out  short  pulses  of  high-frequency  sound  (50  kHz),  and 
then  detects  and  amplifies  the  echo.  A  microcomputer  is  then  programmed  to  mea- 
sure the  time  between  the  transmitted  and  received  pulse  and  to  calculate  the 
position,  velocity,  acceleration  of  the  object  causing  the  reflection  (much  as  a  bat  is 
able  to  do).  Any  one  of  these  quantities  may  be  displayed  on  the  computer  screen 
as  the  data  are  taken,  and  all  are  available  after  the  measurements  are  completed. 
The  motion  detector  can  accurately  detect  objects  between  0.5  and  6  meters.  It 
detects  the  closest  object  in  roughly  a  15"*  cone.  The  motion  detectors  are  connect- 
ed to  Apple  II  computers. 

The  kinematics  laboratory  curriculum  was  designed  using  guideli^^es  and 
belieis  common  to  curriculum  in  all  of  the  various  subject  areas  on  which  the  pro- 
ject has  been  working.  A  fundamental  belief  is  that  physical  concepts  are  best 
learned  in  a  laboratory  setting.  The  curriculum  is  heavily  based  on  research  and 
uses  a  guided-  discovery  approach  that  makes  use  of  student  predictions,  pays 
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attention  to  student  alternative  understandings,  supports  peer  learning,  and  pro- 
vides opportunities  for  students  to  construct  knowledge  for  themselves.  Students 
use  their  own  motion  to  learn  kinematic  concepts.^^ 


Student  Understanding  of  Simple 
Kinematics 

Eariy  on  we  tested  students*  knowledge  of  simple  concepts  in  kinematics  and  clas- 
sical mechanics'so  that  we  could  address  difficulties  in  the  laboratory.  Work  by 
other  reseandiers  and  our  own  teaching,  had  made  us  aware  of  the  standard  alterna- 
tive understandings  and  student  difficulties.^  In  spte  oS  this  knowledge,  we  were 
not  ftcpmd  for  the  laige  percentage  of  university  students  who  had,  with  even  the 
most  basic  qualitative  concepts.  To  confirm  our  findings,  we  decided  to  collect 
results  6om  a  larger  sample  of  physics  students.  Because  it  is  difficuU  to  convince 
physics  professors  to  give  up  any  course  time  and  because  we  wanted  to  make 
evaluation  less  subjective,  we  decided  to  use  short-answer  questions.  From  eariier 
w(Mk  with  students  we  evolved  a  set  of  short-answer  questions  that  give  a  reason- 
able indication  of  students'  basic  knowledge  about  IdnemaUcs  and  its  graphical 
representation.  The  questions  were  such  that  most  university  physics  professors 
were  sure  that  no  more  than  10  percent  of  their  students  would  miss  them.  Most 
ixofessors  also  agreed  that  students  who  could  not  answer  questions  such  as  these 
did  not  have  a  basic  understanding  of  kinematics.  In  fact  there  was  considerable 
coL:em  that  giving  such  questions  was  a  waste  of  time  and  an  insult  to  the  intelli- 
g^ice  of  students. 

For  this  study  the  sources  of  the  data  were  college  and  university  physics- 
teaching  labofatories  of  members  of  the  Tools  for  Scientific  Thinking  project  The 
stud^t  population  was  primarily  students  enrolled  in  introductory  algebra  or  cal- 
culus-based phyacs  courses.  In  general  students  were  given  two  kinematics  labs 
lasting  between  two  and  three  hours.  These  labs  replaced  standard  university  labo- 
ratories. In  one  case,  students  were  given  one  labc^tory  lasting  only  one  hour  and 
IS  minutes.  The  motion  detector  connected  to  an  Apple  II  series  computer  was 
used  with  curricula  designed  to  guide  students  to  exploa^-  fundamental  motion  con- 
cq)ts.  Additional  characteristics  of  the  curriculum  are  described  above.  Students 
worked  in  small  groups  (two  to  four  students).  Homewo  related  to  the  lab  was 
assigned.  The  labs  not  depend  explicitly  on  knowledge  gained  in  lectures  or 
textbooks.  The  labs  covered  the  position  and  velocity  of  moving  objects  and  inuo* 
duced  acceleration.  The  relationship  between  force  and  accelei^ation  was  not  cov- 
ered. 

The  following  flgures  give  some  of  the  results  of  this  study.  Ail  data  presented 
here,  pre-  and  post-MBL,  were  taken  after  students  had  had  the  uscial  kinematics 
lectures  and  (in  most  cases)  had  done  the  usual  problems.  (Other  data  from  smaller 
student  samples  seem  to  show  thnt  lectures  have  no  effect  on  how  well  students  do 
in  the  labs.  If  the  labs  are  done  first,  class  discu:>sions  in  smaller  classes:  seem  to 
indicate  more  interest  and  understanding.)  We  almost  always  give  the  avera£:e  error 
rates  on  a  question.  Error  rates  greater  than  IS  percent  on  simple  conceptual  qucs- 
O  lions  such  as  these  are  probably  cause  for  altering  the  curriculum. 
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Weighted  Average  Error  BEFORE  end  AFTER  MBL  (all  after  Lectures) 


(N) 

Pre-MBL  (506) 
Post-MBL  (535) 


velocity  Question 


Figura  1,    Average  error  rate  on  velocity  questions  after  lectures  and  before 
and  after  MBL 


Error  Rate  BEFORE  MBL  but  after  Kinematics  Lectures 

(N) 

■  Oregon(176) 

■  CatPoly(125) 

■  Dickinson(74) 
^  Xavier(68) 
□  CalPoly(45) 
S  Tufts-sum(18) 


^    Vefocity  Sluestion  ^ 
Figura  2.    Error  rate  on  velocity  questions  before  MPL  but  after  lecture. 

Error  Rate  AFTER  MBL  and  after  Kinematics  Lectures 
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Velocity  Question 

Figura  3.    Error  rate  on  velocity  questions  after  MBL  and  after  lecture. 
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The  dark  bars  in  Figure  1  show  the  weighted  average  error  rate  for  506  physics 
students  from  five  different  universities  who  answered  the  simple  questions  shown 
in  Hguie  4.  The  large  error  rates  are  especially  surprising  since  these  students  had 
recently  heard  the  standard  kinematics  lectures  and  wc^ed  the  fx-oblems  associat- 
ed with  them.  Figure  2  shows  the  oror  rates  for  the  questions  above  for  each  of  the 
six  student  populations  making  up  the  weighted  average.  The  pattern  is  remarkably 
stable  across  different  student  populations. 

The  large  enor  rates  associated  with  questions  one  and  three  are  not  the  result 
of  the  wrong  choice  of  "sign.**  which  only  accounts  for  a  few  percent  of  the 
answers.  The  most  common  error  is  the  choice  of  the  ^'distance  analog"  graphs  A 
and  B.  But  the  students  do  not  consistently  make  such  a  choice,  as  the  different 
enor  rates  for  questions  one  and  three  show. 

The  error  rates  for  the  same  five  questions  after  one  or  two  MBL  motion  labo- 
ratories are  shown  in  Figure  1  as  the  white  bars.  Note  that  the  pre-  and  post-MBL 
populations  are  not  identical.  Figure  3  shows  the  six  differ**nt  populations  making 
up  the  post-MBL  results.  Hie  pre-MBL  sample  is  45  percent  physics-with-calculus 
students,  whUe  the  post-MBL  sample  is  only  28  percent  physics-with-calculus  stu- 
dents. Calculus  students  do  better  than  noncalculus  students  on  the  pretest  but  the 
effect  is  (m\y  about  ±10  percent  from  the  average  error  rate.  Post-test  results  are 
much  closer.  In  addition,  the  52  Tufts  students  included  in  the  post-MBL  sample 
were  in  a  "Physics  for  Humanists"  science  course  that  did  not  generally  emphasize 
kinematics.  Their  MBL  lab  exposure  was  only  one  short  lab  (about  seventy  min- 
utes). No  pretest  was  given  because  most  students  had  not  had  physics  and  many 
could  not  read  graphs.^  The  post-MBL  data  also  include  tv/o  different  post-tests  on 
the  Oregon  students.  One  of  these  tests  is  delayed  (the  midterm).  Either  one  can  be 
removed  without  greatly  changing  the  weighted  averages  shown  in  Figure  1.  These 
Oregon  data  will  be  examined  more  closely  in  what  follows. 

Smaller  sample  studies  have  shown  that  post-tests  given  as  {/art  of  the  home- 
work, produce  essentially  the  same  results  as  post-tests  given  in  class  for  the  kind 
of  question  above.  In  general,  students  do  slightly  beuer  when  the  post-test  is  given 
in  class,  which  is  the  reverse  of  what  one  might  predict.  Smaller  sample  studies 
also  show  that  students  given  the  same  questions  for  a  pretest  and  post-test  do  not 
do  better  than  students  given  only  the  post-test. 

The  Oregon  Kinematics  Results 

Thanks  to  Professor  David  Soroloff,  we  were  able  to  do  more  intensive  studies 
with  students  at  the  University  of  Oregon.  Figure  5  shows  the  results  on  these 
questions  for  172  Oregon  students  (36  percent  were  enrolled  in  a  physics-with-cal- 
culus course  and  64  percent  in  an  algebra-based  course.  All  students  had  finished 
kinematics  when  they  took  the  pre-MBL  test.  Students  were  given  two  labs  using 
the  motion  detector.  Students  also  received  correlated  homework  questions.  The 
labs  primarily  concentrated  on  the  distance  and  velocity  of  moving  objects  (includ- 
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Vtloclty-time  Graphs 

An  object's  motion  is  restricted  to  the 


distance  axis.  Pick  the  best  choice(s)    Average  Error  ^«  o 

^ore  Rates  in  % 
)3t  Kinematics  Lecti 
Pre-MBL  Post-MBL 


for  the  answer.  You  may  use  a  graph  more  Rates  in  % 
than  once  or  not  at  all.  (p^,.  Kinematics  Lectures)  '  • 


1 .  Which  velocity  graph  shows  an  object 
going  away  from  the  origin  at  a 
steady  velocity?  C 

2.  Which  velocity  graph  shows  an  object 
that  is  standing  still?  G 

3«  Which  velocity  graph  shows  an  object 
moving  toward  the  origin  at  a  steady 
velocity?  D 

4.  Which  velocity  graph  shows  an  object 
.  changing  direction?  F 

5.  Which  velocity  graph  shows  an  object 
that  is  steadily  increasing  its  speed? 
—A  


41 


17 


62 


36 


12 


CD 


^-^  e  0 


12 


10 


6.  Which  graphs.show  objects  which 
are  accelerating  (+  or 


Ns506 


6 

Nz:535 


Time 


Figure  4.  Questions  on  velocity*versus*time  graphs.  Questions  one  through 
five  are  the  questions  referred  to  in  figures  1  through  3.  The  order 
of  the  questions  and  the  graphs  was  sometimes  changed. 

ing  the  students*  own  bodies).  Acceleraion  was  inlroduced,  but  not  systematically. 
The  post-MBL  questions  were  given  as  part  of  the  homework,  which  was  graded 
and  returned  (answers,  however,  were  not  posted). 

About  three  weeks  later,  the  same  questions,  rearranged,  were  given  as  part  of 
the  midterm.  The  results  of  this  delayed-post-test  are  also  shown  in  Figure  5.  The 
results  indicate  that  the  homework  helped  them  to  understand  kinematics.  Is  it  pos- 
sible that  students  have  "memorized**  the  questions  after  seeing  them  twice  before? 
Evidence  exists  that  giving  a  pretest  does  not  help  students  get  better  scores  on  a 
post-test  Besides,  the  rearrangement  of  the  questions  wouM  prevent  suict  memo- 


Thornton  185 


Oregon-Velocity  En^or  Rates 

80 1 


e 

1 
I 


^  2         3         4  5 

Velocity  Question 

Figuni  5.    Error  rate  on  velocity  question  for  Oregon  class. 

rization  and  the  students  also  did  as  well  on  other,  different,  questions.  Therefore, 
it  seems  likely  that  they  now  understand  these  simple  concepts. 

We  were  able  to  give  the  first  four  questions  (again  rearranged)  to  a  small  sam- 
ple of  37  noncalculus  students  as  part  of  their  Hnal  exam  at  the  end  of  the  term. 
The  results,  shown  also  in  Figure  S,  seem  to  indicate  that  their  understanding  is 
retained  over  a  substantial  period  of  time. 

We  also  asked  questions  on  acceleration  even  though  acceleration  had  only 
been  introduced  and  not  systematically  covered  in  the  labs.  Some  results  are  shown 
in  Figure  6.  The  questions  are  shown  in  Figure  7. 

Figure  8  shows  th^  student  error  rates  for  11  questions  on  the  final  exam  for  90 
students  who  attended  the  same  lecture  session  of  the  algebra-based  physics 
course.  The  S3  students  who  did  not  do  the  two  MBL  kinematics  laboratories  had 
substantially  higher  error  rates.  The  lectures  were  the  sar  *  for  all  students.  The 
table  below  summarizes  the  average  error  rates  for  each  category  of  question. 
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Delayed  Post 


Final 
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Oregon-Error  Rate  on  Acceleration  Qt^**'^ns 

All  data  taken  after  kinernaocs  lectures 

■  Pre  MBL 

0  Post  MBL 

1  Delayed  Post 
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Figura  6.    Error  rate  on  accelerotion  questions. 
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Table!. 

Average  Error  Rales  for  Students  in  the  Algei  ra-Based  Physics  Course 
Zofiifi  Qufisiifin&  2KiiiLMBL  without  mri. 

Velocity  U.4  13%  39% 

Accclcrition  5-9  36%  S6% 

Porc«  10.11  55%  55% 


Acceterstton-Tlme  Orspht 

The  gniph  ttkm  tt  an  aocetoratiorvtimt  graph  tef  a  car,  the  motion  of  which  is  restricted  to 
^  w  ^i?^..***'  ^       0'  ^  ••ctioo  of  the  graph  which  fisuljLcorrespond  to 

each  of  the  following  motions.  Choose  the  fiofl  best  answer.  If  you  think  that  none 
correspond,  write  N . 
A 


£UfiL.R«tae  In  % 

Correct  Anewar 

Pre- 
MBL 

Poet- 
MBL 

Delayed 

PO(it 

 A^t.  The  car  could  be  speeding  up  at  a  steady  rate. 

moving  away  from  me  ongin. 

59. 

16. 

7. 

— QJi.  The  car  could  be  moving  at  a  constant  speed 

63. 

14. 

7. 

away  from  the  ongin. 

— E^3.  The  car  could  be  slowing  down  at  a  steady  rate. 

84. 

47. 

25. 

n)oving  away  from  the  origin 

— 0^4.  The  car  could  be  moving  at  a  constant  speed 

84. 

56. 

21. 

toward  the  origm. 

 The  car  could  be  speeding  up  a\  a  steady  ^ate. 

90. 

54.. 

25. 

moving  toward  the  cngin. 

^        ^  Acoataratlon 

Contidef  the  acceleration  in  each  of  the  following  situations  For  each  of  the  following 
descnptioos  of  the  nrtotion  of  an  ot)ject  wrile  a  V,    or  'O' m  the  space  to  indicate 
that  the  acceleration  is  positive,  negative  or  zero. 

..^  6.  A  car   moving  in  the  positive  direction 

and  ionws  to  rest. 
 i.  7.  A  car  starts  from  rest  and  begins 

10  move  in  the  positive  direction. 
 i.  8.  A  car  IS  moving  in  the  negative  direction 

and  comes  to  rest. 
-  9.  A  car  starts  from  rest  and  begins 

to  move  in  the  negative  direction 


19. 

17. 

4. 

3. 

5. 

2. 

51. 

27. 

15. 

38. 

18. 

10. 

Figure  7.    CoiTiparidon  of  students  who  had  MBL  laboratories  to  those  who 
did  not. 
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1    2   3   4156    789  110  11 
Velocity   I    Aootltration    I  Force 

Qutstion 


Figure  8.    Error  rate  on  each  question  for  Oregon  group. 

The  **with  MBL**  results  d:e  quite  consistent  with  the  coverage  of  the  MBL  lab- 
oratories The  MBL  ^s  covered  distance  and  velocity  well.  They  introduced  but 
did  not  enophasize  i  leration,  and  they  did  not  cover  the  relationship  between 
force  and  acceleration.  The  velocity  questions  were  selected  from  the  ones 
described  earlier.  The  en^^r  rates  of  the  MBL  students  increased  a  few  percent 
compared  to  the  delayed  post-test«  but  retention  over  the  two-month  period  is  very 
high.  The  enror  rates  for  the  no-MBL  students  are  unfortunately  consistent  with  the 
pre*MBL  error  rates  taken  earlier  in  the  course,  excq>t  that  suidents  apparently  did 
learn  through  the  standard  treatment  to  recognize  the  velocity  graph  of  an  object 
standing  still  (question  2).  Questions  S  through  11  are  shown  in  Figure  9. 

Is  MBL  Software  Pedagogically  Successful? 

There  has  been  considerable  discussion  about  whether  computer-based  learning 
offers  substantial  advantages  over  other  methods,  but  there  has  been  very  liule  evi- 
dence published.  Can  the  MBL  software  discussed  in  this  paper  be  considered  pcJ- 
agDgic^y  successful?  This  paper  shows  evidence  of  substantial  persistent  learning 
of  very  basic  physical  concepts  by  students  using  a  particular  set  of  curricular 
materials.  These  same  simple  physical  concq}ts  were  not  learned  by  large  numbers 
of  students  when  they  listened  to  good  traditional  physics  lecuires.  read  respected 
textbodcs,  and  did  the  traditional  algorithmic  problems  at  the  end  of  i^iC  chapters. 
The  laboratory  curriculum  used  by  these  sniden»s  was  nuide  possible  (or  at  least 
I^tical)  by  the  use  of  a  microcomputer-based  motion  tod  thai  used  the  power  of 
the  computer  to  allow  suidents  to  see  actual  measuremerts  of  physical  phenomena 
di^layed  in  real  tinoe  as  graphs.  The  imnoediate  coiq)ling  -"f  the  graphs  to  the  phys- 
ical phenomena  seems  to  lead  suidents  both  to  understand  graphing  as  a  useful  sci- 
entific  symbol  system  and  also  to  understand  physical  concepts  from  an 
examination  of  appropriate  phenomena. 
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Questions  IMI  Given  to  All  Students  on  the  Final  Exam 


OuettiomS-11  rtftrtothtr^ionol 
a  toy  car  which  ii  rtttridstf  to  the  4 
distance  ixii;  Choose  thtMlar  of 
the  one  correct  aoctltralion  vs.  time 
graph  whicn  couU  correspond  to 
tha  motion  of  the  car  dcecn)ad  in 
eaohoftiefoiovi^ing.  If  you  think 
that  none  is  correct.  answarN.  You 
may  use  a  graph  more  than  once. 


_5.  The  car  moves  at  a 

constant  speed  away  from 

thaoriQin. 


_e.  Thecarwpeedsupata 
steady  rale,  moving  away 
from  tha  origin. 

_7.  The  car  slows  down  at  a 
iteac^  rate,  movino  away 
from  tha  origin. 

_a.  The  car  moves  at  a 
constant  soeed  toward 
theorV- 

.9.  The  r;sr  tpaads  up  at  a 
sraady  rate,  moving 
toward  tha  origia 


CD 


CD 


CD 


.1  ^.  A  constant  force  pushes 
the  car  away  from  the  origin 
l^jma  that  friction  is 
nagiigibla.) 

.^1.  The  car  was  givsn  a  push, 
released  and  now  moves 

away  from  the  origin.  Which 
graph  corresponds  to  the 
car's  aoceleralion  after  it  was 
relMsed?  (Assume  that  f  notion 
is  .legi^ioie.) 


A 

Co 


A 

Co 

• 

I 


A 

c* 

Co 

• 

I  ' 

A 

C> 
Co 

• 

I  • 


7^ 


Figura  9.    Questions  on  acceleration  versus  time.  Questions  five  through 
eleven  were  given  to  all  students  on  the  final  exam. 


What  happens  when  beginning  students  use  MBL  tools  to  do  more  or  less  tradi- 
tional  physics  experimerkis?  The  students  are  pleased.  They  may  do  additional 
e)qrionitiOR»  and  they  do  a  better  job  in  general.  Preliminary  cvi'^ence  shows  that 
they  do  not,  bG;vever»  learn  fundantental  physical  concepts  unless  the  means  of 
teaching  them  are  built  iiito  the  experiments.  We  can  certainly  say  that  the  MBL 
software  and  hardware  tools  are  pedagogically  successful  for  teaching  such  physi- 
cal concepts  when  used  in  combination  with  research-based  curriculum  materials. 

This  work  was  partially  funded  by  the  Fund  for  the  Improvcmcni  of  PostscconHary 
Education  (hke,  U.S.  Dcparuncni  of  Education)  under  the  Tools  for  Scientific  Thinking 
Project  atTiiftt  University. 
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A  Collection  of  Laboratory 
Interfacing  ideas 

David  L.  Vernier 

Vernier  Scfiware,  2920 S.W.  89th  St.,  Portland,  OR  97225 


Computers  are  now  widely  used  in  many  physics  labs  and  classrooms  for  graphing, 
data  analysis,  liming,  and  temperature  measurement  This  paper  presents  some  lab- 
oratory applications  that  are  less  widely  used  Most  of  these  applications  require 
hardware  to  allow  the  computer  to  do  voltage  meas'Tcirent  There  are  several 
types  of  devices  that  can  accomplish  this  task,  includinr  *  ^j.og-tCMligital  convert- 
er boards,  vollage-io-frequency  converters,  and  senal  r.ui;  -t  analog-to-digital  con- 
verter ICs  that  can  connect  to  the  game  port.  Fc.  some  of  the  applications 
described,  the  voltage  signal  changes  quickly  and  the  /oltage-input  device  must  be 
capable  of  collecting  data  at  a  rapid  rate.  Also  note  that  some  of  the  circuits 
described  require  +12  V  and  -12  V  power  supply  lines.  Others  can  operate  off  of 
only  a  +5  V  power  supply  lead  The  AC  control  circuit  is  specific  {o  the  Apple  II 
computer  and  requires  no  additional  hardware. 


ERLC 


Measunng  Magnetic  Fields 

A  vollage-lo-frequency  converter  or  an  analog-to-digital  converter  can  be  used 
with  a  linear  Hall  effect  sensor  to  measure  magnetic  ficiu  intensities.  The  circuits 
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93SS12-2  Y 

mil  inter  b 

TRAMSDXER 


«  SIGNAL 


Figyra  1.    Variable-gain  Hall  Effect  amplifier. 

bdow  allow  yoa  to  measme  the  field  near  a  small  magnet  or  evm  the  earth's  mag- 
netic fiekLi  They  use  Micro  Switch  93SS12-2  linear  Hall  Effect  sensofs.^  An  oper- 
atiooal  amplifia  stqis  fsp  the  voltage  vo  the  range  where  it  can  be  monitored  by  the 
compolei:  Tlie  output  voltage  is  propoitional  to  magnetic  induction. 

The  first  ciicijit  CFigure  1)  uses  one  sensor  and  is  designed  for  use  around  raA^ 
strong  fidds  O^toatocy  magnets,  etc.).  The  voltage  gain  of  the  amplifi^  circui 
can  be  changed  by  adjusting  the  20*ldQ  potentiometer.  The  other  potentiometer  is 
used  to  set  the  offset  vdtage.  Note  that  this  circuit  requires  only  a  +5  V  power  sup- 
ply lead. 

The  second  circuit  (Rgure  2)  uses  two  badc-to-back  sensors  and  provides  more 
amplificatioiL  This  circuit  can  detect  weaker  fields,  including  the  magnetic  field  of 
the  earth.  Hiis  circuit  uses  an  amplifier  with  a  gain  of  100.  The  lOO-kQ  poten- 
tifvmeter  alk>ws  you  to  set  the  offset  voltage.  It  can  be  connected  to  citiicr  the  +12 
^  positive  or  -12  V  negative  lead,  dq)ending  on  which  way  you  need  to  offset  the 
voltage.  This  circuit  produces  about  0.8  V  when  aligned  witii  the  earth's  magnetic 
field. 


Accelerometer 

Sensym  has  recentiy  introduced  a  series  of  small,  general-purpose  accelerometers.^ 
These  devices  are  made  of  micromachined  silicon  wafers.  They  contain  a  **seismic 
mass"  mounted  on  a  beam  equipped  with  piezoresistive  elements.  Acceleration  of 


-12V  (OR  ♦12Y,  SEE  TEXT) 


transducers!  V- 

rigur»  2.    High-gain  Hall  Effect  amplifier. 


■4  GND 


SIGNAL 
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FiguM  3.    Aocelerometer  circuit. 


the  sensor  causes  the  beam  to  bend  and  the  resistance  of  the  piezoresistive  ele- 
ments to  change.  The  resistive  elements  arc  arranged  in  a  Wheatstone  bridge  cir- 
cuit within  the  accelerometer.  The  output-potential  difference  is  proportional  to  the 
acceleration  of  the  sensor.  These  accelerometers  arc  referred  to  as  the  Sensym  SXL 
series.  They  are  manufactured  with  maximum  acceleration  of  10  g.  20  g.  or  200  g. 
The  i»ice  of  one  sensor  is  $50  to  $75 . 

We  have  interfaced  an  SXLIO  accelerometer  to  an  analog-lo-digital  converter 
using  the  circuit  shown  in  Figure  3. 

Four  thin,  flexible  wires  are  used  to  connect  the  accelerometer  and  amplifier, 
which  are  mounted  on  a  small  circuit  board,  to  the  A/D  converter.  The  excitation 
voltage  for  the  Wheatstone  bridge  is  provided  by  a  regulated  5-V  supply.  The  data 
sheet  for  this  particular  SXLIO  accelerometer  lists  its  output  as  2.361  mV  per  g 
with  a  5-V  excitation  voltage.  The  instrumentation  amplifier  shov^oi  in  the  diagram 
above  is  set  up  for  a  gain  of  200.  The  output  voltage  should  therefore  be  0.472  V/g. 
When  the  accelerometer  is  dropped  the  voltage  produced  by  the  circuit  changes 
approximately  the  expected  0.47  V.  You  can  also  use  the  accelerometer  to  measure 
and  demonstrate  centripetal  acceleration  by  spinning  it  around  in  a  circle  by  ?s 
connecting  wires.  It  can  also  demonstrate  the  acceleration  of  an  object  in  simple 
harmonic  motion  if  it  is  allowed  to  bounce  at  the  ^d  of  a  spring. 


Studying  sound  wave'j 

If  a  microphone  and  amplifier  circuit  are  connected  to  an  analog-to-digital  convert- 
er with  a  sufficiently  high  sampling  rate,  the  computer  can  take  the  place  of  an 
oscilloscope  in  studying  sound  waves.  The  circuit  diagram  in  Figure  4  uses  ar 
inexpensive  eicctret  microphone  to  produce  a  voltage  signal  that  can  be  displayed.^ 
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MICROPHONE/AMPUFIER  CIRCUTT 

Figura  4.    Microphone/amplifier  circuit. 


The  amplification  is  done  b  using  one  fourth  of  an  LM39(X)  Norton  op  amp.  The 
potentiometers  are  used  for  sensitivity  control  (the  SO-kQ  pot)  and  setting  the  volt- 
age level  with  no  sounJ  (the  1-MQ  pot). 

Using  a  computer  to  take  the  place  of  an  osciltoscope  for  sound-wave  studies 
allows  you  to  store  uic  data  in  the  computer  and  use  it  for  further  numerical  analy- 
sis. Students  carx  lear^  a  lot  about  frequencies*  periods*  amplitudes,  beats,  over- 
tones,  and  harmonics.  The  new  electronic  keyboards,  which  provide  a  variety  of 
simulated  sounds  and  allow  synthesis  J  sounds,  make  excellent  demonstration 
tools.^  The  graphs  in  Figure  S  show  computer  displays  made  while  an  experi- 
m.enter  played  a  fife  at  about  580  Hz  (left  graph)  and  whistled  at  one  octave  higher 
(right  graph). 


A  Quantitative  Momentum-Impulse 
Experiment 

Textbook  problems  involving  impulse  nearly  always  assume  a  constant  force. 
Unfortunately,  real-world  forces  are  rarely  constant.  In  this  experiment  (Figure  6) 
you  study  a  real  collision  and  compare  the  impulse  with  the  change  in  momenuim. 


U0LTS/0SWI2  MSCC/OIVti 
XHFUTiA  SLOT«> 
TAIOOCIISNOi    A'wTOMATZC    AT   •  UOLTS 


UOLTS/OtV    1  MSCC/OI^'il 
XNFUTtA  SLOT > 2 

TRXOOCRXNOi    AVTCrlATtC    AT   •  UOLTS 


1^  [^(]]^'9U'*  S«    Sample  oscilloscope  simulation  screens. 
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PHOTOGATE 


FORCE 
TRANSDUCER 
BAR 


AIR  TRACK 


GLIDER 


Sriguni  6.   Collision  experiment  setup. 

A  glider  on  a  level  air  track  collk^^  v^itli  rhe  metal  bar  of  a  force  transducer. 
The  bar  flexes  and  the  glider  bouace<;  df  of  it  A  photogate  is  mounted  so  that  the 
glider  will  pass  through  it  just  before  it  hitb  tlie  f(xce  transducer  bar.  The  purpose 
of  the  photogate  is  to  provide  a  triggering  signal  and  to  measure  the  speed  of  the 
glider  before  and  after  the  collision.  The  force  exerted  (mi  the  bar  of  the  force  trans- 
ducer is  measured  during  the  collision.  Software  can  plot  a  force-versus-time 
gr^h.  It  also  does  the  integration  during  the  time  of  the  collision  to  calculate  the 
impulse.  The  times  mea$**^d  by  the  program  also  allow  you  to  calculate  speeds 
and  momentum  change. 

The  equipment  required  for  this  experiment  is  as  follows: 

1.  A  fcHce  measurement  device  (either  a  homemade  strain-gauge  system  or  a 
PASCO  dynamic  force  trarsducei^). 

2.  A  photogate  connected  to  the  Apple  game  port. 

3.  An  air  irack  and  one  glider,  fhe  cxpf^iment  can  also  be  done  using  a  dynamics 
cart^  with  slightly  larger  enws  ini-odaced  by  firictional  effects. 

4.  An  A/D  converter  capable  cf  sampling  at  a  minimum  of  100  Hz. 

5.  Software  to  collect  force  data  during  the  collision  and  to  measure  the  speed  of 
the  glider  before  and  after  the  collision.  ITie  Vernier  Software  program  Voltage 
Plotter  HI  includes  features  that  allow  it  to  be  used  for  this  experiment.'^ 

Before  the  experiment  is  p^ormed,  the  force  transducer  should  be  calibrated 
so  tliat  its  voltage  output  can  be  converted  to  torce.  During  an  actual  experimental 
run,  the  program  does  the  following* 

1 .  It  waits  until  the  photogate  is  fL^st  blocked  and  then  begins  timing. 

2.  It  continues  timing  until  the  photogate  is  unblocked.  The  imt  it  takes  the  flag 
on  the  air-track  glider  to  pass  through  the  photogate  is  therefore  measured. 

3.  When  the  photogate  is  unblocked,  the  program  begins  taking  force  measure- 
ments. A  grai^  of  force  versus  time  is  displayed  on  the  screen. 

4.  The  program  then  waits  until  tlie  photogate  is  blocked  again  (by  the  rebounding 
glider).  The  time  it  takes  the  flag  of  th^  glider  to  pass  through  the  gate  is  again 
measured. 

The  vm  times  are  displayed  and  used  to  calculate  the  change  in  momenuim. 
^   Tie  graph  of  force  versus  time  can  be  used  to  calculate  the  impulse  by  integrating 
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over  the  time  of  the  collision.  The  integration  is  another  task  that  can  be  done  effi- 
ciently by  the  computer. 

A  sample  graph,  along  with  the  data  and  calculations,  is  shown  in  Figure  7. 

Integrating  under  the  force-versus-time  graph  (Figure  7)  from  the  start  of  the 
collision  to  the  point  where  the  curve  goes  negative  yields 

Area  =  185  N-ms  or  0.185  N-s. 
The  change  in  momentum  is  calculated  as  follows: 

The  velocities  of  the  air  track  glider  measured  by  the  program  before  and  after 
the  collision  were: 

vbefore  =  0-400  m/s  and      =  ~  0.269  m/s. 
The  change  in  velocity  is  the  vector  difference  between  these  two  is 

=      -  vbcfo^  =  -  0.269  ~  0.400  =  -  0.669  m/s. 
The  mass  of  the  glider  was  0.274  kg.  So  the  change  in  momentum  is 

A  momentum  =  mass  Av  =  (0.274  kg)  (-  0.669  m/s)  =  -  0.183  kg-rn/s. 
Notice  that  this  agrees  very  nkely  with  the  change  in  impulse. 

Pressure 

Several  manufecturers  produce  pressure  sensors  that  can  be  interfaced  to  a  comput- 
er* The  Sensym  SCX  series  of  pressure  ♦jfansducers  is  "temperature  compensated** 
to  minimize  the  drift  caused  by  temperature  change.  This  series  of  pressure  trans- 
ducers includes  sensors  for  measuring  either  absolute  or  differential  pressure  with ' 
ranges  from  0  to  1  psi  up  to  0  to  100  psi.  These  sensors  cost  about  $25. 
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Figure  7.    tmpuise  measurement. 
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SIGNAL 


Figura  8.    A  variable-gain  pressure  sensor  circuit 


The  circuit  in  Figure  8  uses  an  SCX15ANC  sensor.  An  excitation  voltage 
OW)  applied  to  the  pressure  sensor.  Internally,  it  uses  a  Wheptstone  bridge  cir- 
cuit to  produce  a  potential  difference  between  its  ou^ut  terminals  that  is  propor- 
tional to  the  pressure.  For  the  SCXISANC.  the  output  is  2  mV  per  psi  when  a  4-V 
excitation  voltage  is  used. 

The  amplifier  circuit  above  uses  only  a  +5  V  power  supply  lead  This  allows  it 
to  be  used  with  a  variety  of  voltage  measurement  devices  (+12  V  and  -12  V  power 
supply  leads  arc  not  required).  The  four  op  amps  in  the  circuit  above  are  all  con- 
tained in  one  TLC274  quad  op  amp.  The  pin  numbers  on  the  TLC274  arc  indicated 
in  the  diagram.  The  5-k  potentiometer  controls  the  gain  of  the  amplifier.  The  over- 
all gain  is  l+2xlO(M/it,  whwc  /?  is  the  resistance  of  the  gain  potentiometer.  The 
bottom  part  of  the  circuit  provides  an  offset  adjustment. 

To  minimize  the  error  caused  by  changes  in  the  excitation  voltage,  a  voltage 
reference  circuit  is  recommended  to  produce  a  very  stable  Vref  +5  V 

power  sup{4y  volta^.  One  possible  circuit  is  shown  in  Figure  9. 

We  have  begun  testing  these  circuits  with  the  goal  of  producing  an  inexpensive 
barometer.  Measuring  atmospheric  pressure  changes  is  difficult  to  do  accurately 
because  the  pressure  changes  are  rck  tively  small.  The  circuits  described  here  seem 
to  be  very  stable  and  reliable.  Additional  offset  circuitry  and  more  amplification 
will  probably  be  needed  to  produce  a  computer-interfaced  barometer. 


AC  control 

Controlling  a  120  VAC  circuit  with  a  computer  is  a  fairly  simple  task,  thanks  to 
^  solid-state  relays.  These  electronic  components  are  available  from  many  mail-order 
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Figuni       Voltage  reference  circuit. 

suppliers.^  Prices  vary  with  the  current  rating  of  the  relay.  They  start  at  about 
$10.00  for  new  (nonsurplus)  solid-state  relays. 

Most  s(riid-state  relays  have  four  terminals.  The  control  (input)  terminals  are 
usually  designed  to  operate  on  a  3-V  (minimum)  DC  signal.  They  require  only  a 
few  milliamps  of  current  to  tiim  on  the  solid-state  relay.  The  output  terminals  are 
normally  open,  but  conduct  AC  current  when  the  input  terminals  have  a  voltage 
iqpplied  across  them. 

Because  the  input  terminals  require  only  a  small  DC  voltage  and  draw  a  small 
current*  a  computer  can  easily  be  used  to  control  the  solid-state  relay.  In  the  circuit 
below*  which  is  designed  for  use  with  the  Apple  n  game  pen  annunciator  lines,  a 
7404  inverter  IC  is  used  as  a  buffer  to  make  sure  that  the  circuit  does  not  sink  too 
much  current  into  (he  annu«Kiator  line. 

On  an  Apple  U,  the  circuit  shown  in  Figure  10  (using  the  ANO  line)  can  be  con- 
trdled  with  the  following  BASIC  statements. 

To  turn  the  AC  circuit  on»  POKE  49241,  0.  To  mm  the  AC  circuit  off, 
POKE  49240,  0. 

Note  that  there  are  four  annunciator  ouq)ut  lines  on  the  Apple  II  internal  16-pin 
game  port,  so  four  different  circuits  could  be  controlled.  The  annunciator  output 
lines  are  not  availaUe  on  the  Apple  n  9-pin  extemal  game  port  connector. 

Computer-controUed  AC  lines  have  many  uses  in  the  physics  lab.  Combined 
with  other  circuits  and  software,  they  could  be  used  to  turn  on  an  alarm  bell  or 
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light,  operate  lab  eqidpment  automatically,  or  maintain  a  constant  temperature  in  a 
region  by  controlling  3  heater. 

1.  These  circuits  ve  based  on  an  article  by  P.  A.  Bender,  Am.  J.  Phys.  54, 89  (1986). 

2.  Micro  Switch  manufactures  several  Hall  effect  transducers.  For  information  contact 
Micro  Switch,  1 1  West  Springs  Street,  Freeport,  IL  61032.  The  Hall  effect  transducers 
cost  about  $7.00  each.  Texas  Ii^stniments  and  other  manufactures  also  produce  linear 
Hall  effect  transducers. 

3.  ScMyml255  Reamwood  Avenue,  Sunnyvale,  CA  94089,  tel.  (408)  744-1500. 

4.  The  electretmicroi^Kme  is  Radio  Shade  part  number  270-092. 

5.  The  Casio  SKI,  for  example,  has  fWe  preset  tones  and  digital  sampling.  It  also  allows 
you  to  synthesize  a  sound  by  adding  hvmonics. 

6.  PASCX)  Scieroific,  1876  Sabre  Street,  Hayward,  CA  94S4S  tel.  (800)  772-8700. 

7.  VoUage  Plotter  ///  (Vernier  Software,  2920  S.V/.  89th  St,  PorUand,  OR  97225,  tel. 
(503)297-5317). 

8.  Two  sources  are  Sensym,  1255  Reamwood  Avenue,  Sunnyvale,  CA  94089,  (408)  744- 
1500,  and  Nova  Sensor,  1055  Mission  Cour%  Remont,  CA  94539,  tel.  (415)  490-9100, 

9.  Two  mail-order  electronics  suppliers  who  usually  carry  solid-state  relays  are  All 
Electronics,  tel.  (800)  826-5432  and  Mouser  Electronics,  tel.  (800)  346-6873. 


Five  Years  of  Using 
Microcomputers  in  Basic  Physics 
Laboratories  at  the  U.S.  Neva! 
Acadenny 

David  A.  Nordling 

Physics  Department,  V.  S,  Naval  Academy,  Annapolis,  MD  21402 


Early  in  1983  the  physics  department  of  ihc  U.  S.  Naval  Academy  began  using  the 
microcomputer  in  all  teaching  laboratories.  All  students  at  the  Naval  Academy 
must  take  at  least  one  year  (two  £.mesters)  of  introductory  physics.  This  means 
that  each  academic  year  approximately  1,100  sophomore  students  take  introducto- 
ry physics.  Approximately  30  to  40  of  these  students  will  have  chosen  physics  as 
their  major  and  therefore  will  take  additional  physics  courses. 

The  physics  department  at  the  Naval  Academy  has  always  used  the  teaching 
laboratory  to  supplement  the  traditional  classroom  presentation  of  physics.  By 
1981  many  of  us  felt  our  laboratory  program  had  fallen  short  of  its  intended  objec- 
tives, particularly  in  the  large  introductory  physics  course.  Instructor  enthusiasm 
for  these  laboratories  was  waning,  and  this  lack  of  enthusiasm  carried  over  into 
students*  particr-iion.  One  major  cause  for  the  lack  of  enthusiasm  was  the  poor 
state  of  much  of  our  lab  apparatus  and  measuring  equipment. 

It  became  clear  in  1982  that  if  we  were  to  teach  viable  physics  courses  at  the 
Naval  Academy,  we  would  have  to  repair  or  replace  most  of  our  existing  laborato- 
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ly  equqxnentt  including  measuring  devices  {stop  watches,  volt  meters,  ammeters, 
etc). 

In  January  1983  we  began  to  investigate  the  application  of  the  microcomputer 
as  a  laboiaiory  tool.  By  the  end  of  tha  spring  semester  the  concept  of  a  laboratory 
microcomputer  woric  station  b^an  to  emeige. 

Laboratoiy  Microcomputer  Work  Station 
We  chose  th^  following  equq>ment  for  our  woric  station: 

1.  Api^t  Ue  microcomputer  with  128K  or  192K  of  mer^ory. 

2.  Monochrome  on*  diq[)lay  monitor. 

3.  Onc5  l/<  ^istetttr  drive. 

4.  Dot-mauvi  printer  with  parallel  interface  and  gr^hic  dump  capability. 

5.  Analog-to-digital  converter  with  eight  double-ended  (or  16  single-ended)  input 
channels,  and  three  indq)endent  counter/timers,  each  driven  indq)endently  from 
the  system  clock  or  other  source. 

6.  Interface  box  for  easy  connection  to  the  A/D  and  counter/timers.  The  interface 
box  also  contains  ±S  and  ±12  volts  DC  power  supplies  for  experimental 
ho(4cup. 

7.  IWo  photogates  interfaced  through  the  Apple  lie  game-port  interface,  used  for 
timing. 

8.  Portable  rolling  can  to  hold  all  components  associated  with  the  microcomputer 
work  station. 

The  ^>proximate  cost  per  work  station  was  S3,S00. 

In  the  fall  of  1983  we  were  able  to  get  IS  microcomp**^^^  ind  with  about  half, 
were  outfitted  with  A/D  converters.  We  began  immediately  using  the  microcom- 
puter as  a  laboratory  measuring  device  in  the  lab  course  devoted  to  teaching  basic 
physics  (heatt  sound,  and  light)  to  the  30  or  40  students  selecting  physics  as  a 
major.  year  later  (fall  1984)  we  had  ai^ximotely  7S  woric  stations  in  the 
basic  and  advanced  physics  lab  spaces.  Because  of  scheduling  and  space  limita- 
tions, three-  or  four-ftudent  lab  teams  ate  assigned  to  one  microcomputer  work  sta- 
tion during  a  laboratory  period. 


Experiments 

Students  use  the  microcomputer  woric  station  if:  the  following  experiments: 

1.  Free  fall.  A  study  of  accelerated  linear  motion. 

2.  Motion  on  an  inclined  air  track.  A  study  of  accelerated  linear  motion  and 
conservation  of  energy. 
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3.  Motion  on  a  rough  inclined  plane.  A  study  of  friction  and  conservation  of 
cnagy. 

4.  Collisions  on  an  air  track.  A  study  of  conservation  of  lihcar  momentum, 
elastic  and  inelastic  collisi  is. 

5.  Impulse  and  change  in  momentum.  A  study  of  the  relation  between  the 
impulse  and  change  in  momentum  as  an  object  collides  with  a  force  trans- 
ducer. 

6.  Rotation.  A  study  of  rotational  kinematics  and  dynamics. 

7.  Simple  pendulum.  A  study  of  a  simple  pendulum  with  both  large  and  small 
amplitudes.  Also  an  investigation  of  damped  periodic  motion. 

8.  \^scous  drag.  A  study  of  viscous  drag  on  objects  as  they  move  through  air. 

9.  Viscosity  of  water.  A  measure  of  the  viscosity  of  water  using  Poiseullc*s  law 
at  room  temperature  and  near  die  ice  point.  Also  a  study  of  exponential  pro- 


10.  Speciflc  heat.  A  measure  of  the  spcciflc  heat  of  a  solid. 

11.  Latent  heat  A  measure  of  die  latent  heat  of  liquid  niu-ogcn. 

12.  Standing  waves  on  a  string.  A  study  of  standing  waves  on  a  string. 

13.  Standing  waves  in  an  air  column.  A  suidy  of  standing  waves  in  a  column  of 
air. 

14.  Newton's  law  of  cooling.  A  study  of  the  cooling  of  heated  objects  near  room 
^^mperature. 

15.  Electric  flelds.  A  study  of  the  electric  Held  between  various  elecu^ode  con- 
figurations in  a  tray  of  water. 

16.  Simple  electrical  circuits.  A  suidy  of  Ohm's  law  and  Kirchoff 's  rule  in  rela- 
tion to  simple  electrical  circuits. 

17.  RC  circuits.  A  study  of  clecuic  current,  charge,  and  potential  in  a  simple 
series  RC  circuit 

18.  LRC  circuits.  A  study  of  electric  current,  charge,  and  potential  in  a  simple 
series  LRC  circuit. 

19.  Faraday's  law.  An  observation  of  the  cmf  generated  as  magnets  fall  through 
coils  of  wire. 

20.  Simple  lenses.  A  study  of  thin  lenses  and  lens  combinations. 

21.  Diffraction  grating.  An  investigation  of  the  helium  spectra  using  a  diffrac- 
tion grating. 

22.  Prism  spectrometer.  Measure  of  Uic  index  of  refraction  of  a  glass  prism  for 
various  wavelengths  in  the  helium  spectrum.  Shows  the  dispersion  curve  for 

Q         flint  glass. 
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Software 

Ia  1983,  when  I  became  involved  with  our  eflbrts  to  use  the  microcomputer  in  the 
lab  program,  it  seemed  clear  to  me  thai  carefully  written  software  was  essential.  I 
have  tried  to  incorporate  the  following  key  features  in  the  software  wrincn  for  our 
laboratory  woric  stations: 

L  The  software  is  written  so  the  work  station  becomes  a  laboratory  tool  c^ 
reading,  recording,  and  displaying  voltages  from  user  selected  A/D  channels; 
reconling  timing  data  based  on  when  voltages  are  read  or  the  interruption  of  a 
light  path  in  a  photogate;  saving,  mathematically  manipulating,  analyzing,  and 
grq)hing  data  that  has  been  gathered;  and  outputting  user-selected  frequency 
signals. 

2.  With  only  three  or  four  obvious  exceptions,  the  software  is  not  tied  to  any  spe- 
cific experiment 

3.  The  software  docs  not  control  ihc  flow  of  the  experiment. 

4.  The  student  must  decide  if  (and  how)  the  data  should  be  manipulated  or  graphi- 
caUy  represented. 

5.  The  software  on  a  given  floppy  disk  is  integrated  into  a  unified  package  that  is 
completely  menu  driven. 

6.  The  software  is  organized  on  each  disk  so  that  only  one  disk  is  needed  for  any 
specific  lab  experiment 

7.  User  input  and  conuol  arc  maintained  to  a  minimum  of  keyboard  inputs. 
Generally  two  types  of  inputs  are  required:  (a)  arrow  keys  and  return  key  for 
selecting  menu  items;  (b)  keyboard  input  of  file  names  for  data  storage  and 
r^ovcry  fra^>  disk  or  ram. 

All  of  the  softv^are  for  the  laboratory  work  station  has  been  placed  on  eight 
floppy  disks.  A  given  laboratory  experiment  requires  only  one  of  the  eight  disks. 
The  software  is  organized  so  that  daring  the  initial  boot  operation  all  (or  most)  of 
the  software  is  loaded  into  RAM.  A  student's  own  disk  may  be  used  for  data  stor- 
age (if  desired).  Space  is  also  made  available  in  RAM  for  some  data  storage.  Data 
accessed  to  and  from  RAM  is,  of  course,  faster. 

Thcst  're  some  of  the  software  programs  that  have  been  written: 

1.  Apple  Graph.  A  general-purpose  graphing  software.  Used  in  every  experi- 
ment listed  eariicr  except  collision  on  an  air  track,  LRC  circuits,  and 
Faraday's  law  (available  on  all  eight  floppy  disks). 

2.  Data-lnputlEditor.  A  four-column  general-purpose  spreadsheet  (!ata  editor. 
Used  in  every  experiment  except  Faraday's  law  (available  on  al^  eight  floppy 
disks). 

3.  Calculator.  A  **pocket-typc"  calculator.  Used  if  students  do  not  have  their 
own  personal  hand  calculators  (.mailable  on  each  flof^y  disk). 
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4.  Polynomud  Fit.  Provides  up  to  sixth-or^^^  least*squarc  polynomial  fit  of 
data.  Geocndly  used  in  four  experiments:  free  fall,  simple  pendulum,  vis- 
cous dn^,  and  prism  spectrometer  (available  on  all  eight  floppy  disks). 

5.  Timer.  Multipurpose  timing  software  used  in  conjunction  with  photogaces. 
Used  in  six  experiments:  free  fall,  motion  on  an  inclined  plane,  collisions  on 
an  air  track,  rotation,  sinq)le  pendulum,  and  viscous  drag. 

6.  Impulse  Experiment.  Software  written  q)ecifically  for  the  impulse  experi* 
ment 

7.  Electric  Fields.  Software  written  specifically  for  the  electric  flelds  experi- 
ment 

8.  Multichannel  Voltammeter.  Eight  different  storage  volt  meters  that  use 
eight  double-ended  inputs  from  the  A/D  converter.  Any  channel  may  be 
u^  as  an  ammeter  by  insulling  a  shunt  resistance.  Used  in  four  experi- 
menis:  impulse  and  change  in  momentum,  viscosity  of  water,  Newton's  law 
of  cooling,  and  simple  electric  circuits. 

9.  Multi-Channel  Read/Plot/Store.  Up  to  2S6  voltages  frori  one  to  four  A/D 
channels  are  read  at  sampling  rat^s  ranging  from  16  Hz  tj  3000  Hz.  Times  at 
which  readings  are  reconied  along  with  the  A/D  values  arc  collected  as  data 
for  each  channel  selected  Used  in  the  experiment  RC  circuits. 

10.  Fast  Graph,  \bltage  readings  from  one  A/D  channel  arc  read  at  sampling 
rates  ranging  from  700  Hz  to  4S000  Hz.  The  program  records,  displays 
graphically,  and  stores  1024  data  values.  Used  in  two  experiments:  LRC  cir- 
cuits and  Fara  iay*s  law. 

11.  Specific  Heat  and  Latent  Heat.  Written  speciHcally  for  an  experiment 
involving  the  measurement  of  the  specific  heat  of  a  solid  and  the  latent  heat 
of  liquid  nitrogen. 

12.  Sine  Wave  Generator.  Written  to  accommodate  experiments  involving  stand- 
ing waves  on  a  string  and  in  an  air  column. 

13.  Utilities.  Several  general-purpose  utilities  associated  with  graphic  display, 
operating  system,  sorting,  etc. 


Experimental  Procedures  and  Tasks 

The  software  was  written,  as  much  as  possible,  so  that  the  experimental  procedure 
and  specific  tasks  are  under  the  control  of  the  students  (or  by  direction  from  the 
instructor).  A  printed  hand-out  and/or  oral  insuiictions  are  usually  handed  out  by 
the  instructor  at  the  beginning  of  the  laboratory  period. 


Advantages 

The  microcomputer  work  station  h.'^*;  a  number  of  advantages  over  the  convention- 
^  al  laboratory  seuing: 
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1.  'fhe  nUcrocoaipoier  woric  station  can  rtfriace  many  conventional  measuring 
miirumiics,ie*,  timeis,  voltmeters,  ammeters,  signal  generators,  osdUoscopes, 
tuennomettrSy  etc* 

2*  11iestiideiilscanliaDdklaf]fteanioimts^ 

3.  bmnyinsiiocesdatacanbegiAlieredfiister. 

4.  Itae  is  lets  eritf  in  data  gathering. 

5.  Tlie  work  siiitioQiX0vides  easier  and  Glisten 

6.  Usiially  a  givtn  experiment  can  easily  be  iq^^ 
lab  period  (with  or  without  nxxUfications). 


Disadvantages 

1.  There  is  a  limit  to  how  many  students  can  make  obscrvanions  on  a  microcom- 
puter CRT  screen^  With  more  than  t^^  students  per  work  station,  ^ 

dents  will  tend  lo  stand  idfy  by  while  the  other  two  cdlect  and  analyze  data 
usiug  the  niicrocompuier  keyboiml  input  and 

number  of  students  per  work  station  is  two.  No  more  than  three  should  ever  be 
assigned  10  a  work  station. 

2.  Students  tend  to  lose  sight  of  what  is  involved  and  the  significance  in  certain 
data  aralysis  (le^  least-squaie  fit,  logarithmic  p'oaing,  etc.).  This  disadvantage 
may  also  be  present  when  students  use  the  h^nd  calculator. 

3*  Extra  time  and  effon  must  be  q)ent  by  faculty  and  staff  to  write,  oi^ 
dinete,  and  document  software  in  a  particular  lab  expenmctu. 


Apphcation  softwares 

1.  All  ^iiplication  software  used  in  a  laboratory  experiment  should  be  integrated 
and  linked  by  a  main  driving  program  that  requires  a  minimum  of  keyboard 
inout  for  operation.  Software  execution  should  not  require  coiriplicated 
iceystroke  combinations  or  extensive  user-manual  references. 

2.  If  the  application  software  is  provided  on  several  different  disks,  the  procedure 
for  operating  the  software  shouU  be  the  same  from  disk  to  disk.  After  a  one-  or 
two-bour  session  using  the  software  on  a  disk,  the  suvlent  should  be  iblc  to  use 
other  laboratory-related  software  with  minimal  difficulty. 

3*  The  applicatkm  software  should  not  (as  much  as  passible)  be  tied  to  any  specif- 
ic laboratory  experiment  This  alk)ws  a  given  piece  of  software  to  be  used  in 
several  diffeiem  experimental  situations.  This  also  alk>ws  changing  the  experi- 
mental procedure  without  rewriting  (or  revising)  the  software. 
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4»  The  software  should  doc  pr  fonn  the  experiment  snd  di^lay  the  experimental 
itsoUs.  The  microcaaqKUer  should  function  as  a  tool  to  gather  and  analyze  data 
under  the  duectkm  and  control  of  the  student  Finally,  the  outpiu  of  e)q)erimen- 
tal  itsiuib  are  die  leqponsibiUty  (rf  the  student 


Future  Plans 

We  {Am  10  continue  with  die  present  microcomput^  (Apf^e  He)  and  associated 
hardware  u  each  woik  station  for  at  least  die  next  diree  to  four  years  because  of 
the  large  amount  ot  efifort  put  into  generating  software  for  the  present  hardware 
configuration* 

We  plan,  however,  to  add  some  hardware  enhancements  to  die  existing  bask: 
work  stations  at  an  iq)pfoximate  cost  of  $1 ,000  per  woric  station.  We 

L  Extend  die  memory  of  the  microcomputers  to  one  m^aby^e.  This  will  allow  all 
s(tftware  to  be  loaded  into  RAM  All  subsequent  calls  for  software  can  Uien  be 
made  to  RAM  radier  than  flq>py  disk.  This  will  allow  most  memory  qnce  for 
fast  data  storage  and  recall. 

2.  Add  one  high*ciqiacity  3  1/2  inch  disk  drive  to  each  work  station.  This  will 
allow  all  physics  cb  software  to  reside  on  one  3  1/2  inch  flq)py  disk  instead  of 
ei^t  difierent  S  1/4  inch  flippy  disks.  Since  all  software  will  be  loaded  into 
RAM,  boUi  die  35-  and  5.25-inch  disk  drives  will  be  available  to  store  experi- 
mental data  and  results  on  die  students'  disk. 

3.  AcW  a  q>eed-up  card  to  the  basic  computer.  This  will  speed-up  most  operations 
by  a  factor  of  aiq>roximately  3.5. 


Upper-Level  Experimental  Physics 


Lee  E.  Larson 

Department  of  Physics,  Denison  VruversJy,  Gram/Hie,  OH  43023 


Computers  are  used  in  the  upper-level  laboratory  course  for  two  primary  reasons. 
Most  important,  diey  can  enhance  die  quality  of  experimental  physics.  Such  tech- 
niques as  signal  averaging,  measurements  of  transient  phenomena,  automating  and 
controlling  experiments,  very  slow  measurements  over  a  tong  period,  and  precision 
timing  can  improve  the  quality  of  data  and  extend  die  range  of  possible  experi- 
ments. Second,  students  must  learn  to  work  in  die  type  of  environm^t  they  will 
encounter  in  graduate  school  or  in  industrial  or  governmental  laboratories. 

The  experiments  described  below  are  interfaced  to  computers  diat  are  equipped 
widi  commercially  available  plug-in  boards  to  provide  a  number  of  channels  of 
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analog-to*digital  (A/D)  and  digital-to-analog  (D/A)  conversion,  digital  input-out- 
put (IA3XGPIB  (DEEE488)  capability*  and  timer-countersJ  We  make  short  sample 
codes  lUustiating  the  basic  operation  of  these  boards  available  to  our  students*  and 
also  a  series  of  machine-language  programs  needed  for  special  applications  (fast 
acquisition*  acquisition  with  a  known  time  interval  between  data  points,  etc.). 
These  machine-language  routines  are  either  purchased  from  board  manufacturers^ 
or  ad24)ted  from  published  routines.^ 

The  experimental  physics  course  is  ncmnally  taken  by  students  in  their  junior 
year.  The  background  of  these  students  includes  a  year  of  modem  physics  and 
semester  courses  in  electronics*  classical  mechanics,  and  electricity  and  mag- 
netism. During  the  one-semester  course  in  experimental  physics  each  student  com- 
pletes about  four  open-ended  experiments  chosen  from  a  list  of  about  40 
possibilities.  About  IS  possible  experiments  involve  the  use  of  a  computer  for 
interfacing  and  acquiring  data.  Students  build  each  experiment  from  the  ground  up, 
beginning  with  a  library  search*  the  basic  experiment-specific  equipment,  and  cabi- 
nets of  general  apparatus.  When  the  experiment  is  complete,  the  student  writes  a 
repcxt  in  a  form  suitable  for  submission  as  a  journal  paper. 

For  each  experiment  that  involves  the  computer*  students  are  given  some  mod- 
est direction  in  how  to  lise  the  computer  for  data  acquisition  (suitable  measuring 
techniques*  aipopriate  interface  capabilities)  and,  the  sample  acquisition  codes 
mentioned  above)*  but  are  expected  to  do  signal  conditioning,  connection  to  com- 
puter-interface boards,  and  development  of  both  acquisition  and  data  analysis  pro- 
grams. In  practice,  this  procedure  seems  to  work  reasonably  well;  the  experiments 
Ukc  longer  than  they  would  if  detailed  information  was  provided,  but  students 
really  seem  to  end  up  with  the  ability  to  do  this  on  their  own.  At  present  the  stu- 
dent-wriUen  analysis  programs  are  very  simple  or  n'nexistent  Students  much  pre- 
fer to  write  their  raw  data  to  a  disk  file  and  then  to  load  them  directly  to  a 
spreadsheet  program  for  graphing  and  analysis. 

Experiments 

This  section  describes  four  experiments  that  were  developed  and  performed  by 
recent  students.  The  data  shown  are  taken  directly  from  student  lab  reports. 

Fast  Fourier  Transform  Optical  Spectroscopy 

A  standard  homemade  Michelson  interferometer  is  equipped  with  a  stepper 
motor  and  worm  reduction  gear  assembly  to  drive  the  movable  mirror  under  com- 
puter control.  A  reversed  biased  silicon  photodiode  is  positioned  to  record  the 
intensity  of  the  fringe  pattern.  Since  the  analysis  of  a  symmetric  interferogram  is 
easier  for  first  experiments,  the  movable  mirror  is  carefully  positioned  to  center  the 
interferogram  on  the  white-light  fringe  pattern.  The  mirror  is  then  .^^canncd  over 
equal  distances  each  side  of  the  central  fringe,  and  data  of  light  intensity  versus 
mirror  position  are  gathered  by  the  computer  A  Fourier  uansform  of  these  data  by 
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the  computer  gives  the  spectrum  of  the  source,  i.e..  the  intensity  as  a  func  on  of 
wavelengd).  For  infonnation  on  designing  the  experiment,  an  excellent  reference  is 
Bell.^  A  primary  limitation  is  building  a  mechanical  system  for  moving  the  mirror 
that  will  provide  steps  of  equal  size.  If  the  step  size  varies,  the  transformed  spec- 
trum will  2q[)pear  noisy . 

The  spectrum  of  a  He-Ne  laser  illustrated  in  Figure  1  cleariy  shows  the  spectral 
line  but  also  gives  an  indication  of  the  noise  present  In  g^eral,  low-resolution 
sources  are  less  demanding  in  terms  of  mirror  positioning  and  noise.  An  easier 
experiment  is  done  with  an  incandescent  source.  Egures  2  and  3  respectively  show 
an  interfeiogram  and  resulting  spectrum.  The  spectrum  doe&  not  bear  much  simi- 
larity to  the  continuous  spectrum  expected,  especially  with  the  sharp  cutoff  at  high- 
er wavelengths.  However,  recall  that  the  response  of  the  silicon  photodiode 
decreases  rapidly  above  1 .1  microns,  and  we  should  expect  that  the  spec^  um  deter- 
mined will  actually  be  a  product  of  the  incandescent  source  and  the  detector 
response  curves.  Combining  the  response  of  a  typical  photodiode  with  a  2000  K 
black-body  spectmm  gives  the  theoretical  curve  shown  in  Figure  4.  Note  that  this 
curve  is  at  least  qualitatively  similar  to  the  transformed  spectrum  (Figure  3). 

Other  measurements  possible  with  this  system  include  finding  the  profile  of  an 
optical  filler  and  attempting  to  resolve  closely  spaced  spectral  lines  (the  sodium 
doublet,  f(x  example). 

Short  Half-Life 

A  Geiger  counter  is  connected  to  a  counter-timer  interface  boa^d  through  a  suit- 
able interface  (a  carefully  chosen  comparator)  that  "squares  up"  the  Geiger  pulses. 


FAST  FOURIER  TRANSFORM 
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Figure  1 .    Fast  Foijrier  transfornri  of  a  HeNe  laser. 


1^  DISPUCEMENT  (1360  Ang/step) 

,v  Figura       Interferogram  of  white-light  spectrum. 
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\  The  circuit  is  shown  in  Figure  S.  The  computer  is  programmed  to  record  count  rate 

h  versus  time,  providing  the  same  function  as  a  multichannel  analyzer  run  in  multi- 

K  scale  mode.  Once  the  data  are  acquired^  a  least-squares  fit  is  made  to  determine  the 

half-life.  The  computer  control  of  the  data  acquisition  makes  it  possible  to  measure 

and  analyze  sources  with  quite  short  half-lives. 
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Figura  3.    Fast  Fourier  transform  of  white-light  spectrum. 
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DETECTABLE  RADIATION 
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Figure  4.   Response  function  of  a  photodiode  to  an  incandescent  source. 


A  ininigenerat(»*^  can  be  used  to  make  a  barium  137  source  with  a  half-life  of 
2^5  milt  IVpical  data  taken  for  such  a  source  are  shown  in  Figure  6.  Notice  that 
the  half-life  computed  from  the  raw  data  is  longer  than  the  accq)ted  value.  When 
proper  ejections  for  deiectoi*  dead  time  were  made,  the  halMife  based  n  five 
sefs  rf  data  was  2.54  ±  0.04  niin,  in  excellent  agreement  with  the  accepted  value. 

For  another  source,  silver  can  be  activated  by  a  neutron  howitzer  to  make 
sources  with  half-lives  of  24.6  seconds  and  2.37  minutes.  The  analysis  is  interest- 
ing because  it  involves  effectively  separating  the  counts  from  the  two  sources. 
Results  of  a  typical  experiment  are  shown  in  Figure  7.  The  count  rates  are  quite 
low  and  therefore  noisy;  however,  the  least-squares  fits,  shown  in  the  Figure  as 
straight  lines,  give  results  for  the  half-lives  that  are  very  close  to  the  accepted  val- 
ues. 
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Figura  5.   Circuit  diagram  for  a  Geiger-counter  interface. 
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Figuiw  6.    Decay  curve  for  Ba''^^. 


This  work  was  adi^ted  firom  an  experiment  designed  for  an  aapt  workshop  by 
Barney  Hv^kx  firom  Wright  State  University  in  Dayton,  Ohio. 


High-Resolution  Spectroscopy 

We  recently  acquired,  with  the  assistance  of  the  NSF  CSIP  (now  ILI)  program,^ 
an  Instruments  SA  model  HR-320  grating  spectrometer^  and  a  1024  element  pho* 
todiode  array-detector  system^  that  was  mounted  on  the  spectrometer  as  shown  in 
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flguf  7.    Decay  curve  for  Ag^^^  and  Ag'' 
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Figum  8«    Spectrometer  with  reticon  detector. 


Figiut  8.  The  initial  experiment  was  to  get  this  system  opctating  under  computer 
control  and  to  tnake  an  attempt  to  measure  its  resolution* 

The  spectiometer  is  easily  controlled  by  the  computer.  The  wavelength  is 
adjusted  by  rotating  the  grating.  The  grating  is  turned  by  a  stepper-motor  system. 
Two  digital  signals  are  needed*  one  to  set  the  direction  of  rotation*  the  other  to  step 
the  motor. 

The  output  of  the  detector  system  is  designed  to  be  viewed  easily  with  an  oscil- 
loscope. A  signal  on  a  trigger  ou^ut  is  followed  by  signals  on  an  analog  output 
from  each  detector  element  in  rapid  succession.  This  method  provides  a  good 
check  on  system  operation.  However*  for  quantitative  analysis  it  is  much  handier  to 
have  infoimation  of  intensity  as  a  function  of  wavelength  in  a  computer  array. 

To  interface  the  detector  array  to  the  A/D  computer  board  we  used  three  sig- 
nals. The  trigger  signal  mentioned  above  was  used  to  initiate  a  data-gathering 
cycle.  Ey  probing  around  on  the  detector  circuit  board*  we  found  a  digital  signal 
that  pulsed  before  the  signal  from  each  detector  element  was  presented.  This  signal 
was  used  as  an  external  clock  input  for  our  A/D  system.  The  detector  analog  output 
was  connected  directly  to  the  A/D  input  The  minimum  readout  rate  of  the  detector 
system  was  33  kHz*  which  slightly  exceeded  rhe  maximum  acquisition  rate  of  our 
A/D  board  We  padded  a  capacitor  on  the  detector  system  clock  to  slow  the  readout 
rate  slightly. 

Figure  9  illustrates  data  taken  of  the  sodium  doublet  at  S88.9  and  S89.S  nm.  An 
expansion  of  the  rsgion  of  interest  is  shown  in  Figure  10.  We  see  that  when  the 
'  ^tor  is  placed  at  the  exit  slit  location*  each  pixel  covers  about  0.03  nm.  The 
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Figura  9.    Visible  apectnim  for  Na  showing  the  doublet  lines. 


theoretical  resolution  of  the  spectrograph  with  the  grating  supplied,  is  about 
100,000.  This  tnuisl^^tes  lo  being  able  to  sq>arate  spectral  lines  that  are  about  0.006 
nm  apart  in  the  vicinity  of  the  sodium  doublet  This  is  greater  than  the  detection 
system  allows  by  a  factor  of  five,  lb  make  full  use  of  the  resolution  of  the  spectro- 
graph requires  a  more  sophisticated  optical  setup,  ot  a  more  traditional  exit  slit  and 
detector,  and  scanning  the  line  across  the  slit  F6r  many  experiments,  i<owever,  the 
detector  system  as  used  here  provides  more  than  adequate  resolution. 
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Figura  10.  Visible  spectrum  for  Na  showing  the  doublet  lines,  with  an 
Q  expanded  scale. 
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Parada/s  Law 

Small  coils  ait  wound  on  coil  forms  lhat  pass  over  a  long  glass  tube.  A  cylin- 
drical bar  magnet  is  dnq)ped  down  the  glass  tube,  and  the  induced  emf  in  the  small 
coils  is  measured  as  a  function  of  time.  Parameters  that  can  be  varied  include  the 
velocity  of  the  magnet,  the  number  of  turns  of  wire  on  the  coil,  and  the  strength  of 
the  bar  magnet  (by  using  different  magnets).  This  experinient  is  fully  described  by 
Nicklin.^  Ihe  apparatus  is  illustrated  in  Figure  II.  llie  upper  circuitry  consists  of 
an  optical  source  and  sensor  package  (TILI49)  wired  to  an  invertor  that  creates  a 
TIL  pulse.  When  the  magnet  comes  by,  light  from  the  source  is  refected  to  the 
sensor,  and  a  trigger  ptilse  is  generated  for  the  A/D  board.  The  vertical  position  of 
this  source-sensor  par;  is  adjusted  vertically  so  that  the  A/D  converter  starts  just 
before  the  magnet  arrives  at  the  coil. 

The  lower  circuitry  is  a  simple  amplifier  to  boost  the  signal  from  the  coil  to 
make  better  use  of  the  resolution  of  the  A/D  system 

We  now  describe  a  sample  of  the  extensive  results  acquired  during  the  course  of 
this  experiment.  Figure  12  shows  data  taken  with  coils  of  differing  numbers  of 
turns  placed  at  the  same  vertical  location.  The  signal  in  the  second  (positive)  peak 
is  slightly  higher  than  the  first  (negative)  peak  because  the  magnet  is  traveling 
faster  when  the  second  pole  passes  the  coil  Tlic  data,  if  carried  to  one  more  signif- 
icant figure  than  that  shown  in  the  diagram,  confum  that  the  signal  depends  linear- 
ly on  the  nm.iber  of  turns  in  the  coil.  F^urc  13  shows  data  taken  with  a  single  coil 
placed  at  various  vertical  positions.  The  velocity  of  the  magnet  was  computed,  and 
maximum  signal  as  a  function  of  magnet  velocity  was  plotted.  Once  again,  the  data 
show  a  linear  relations.hip,  indicating  that  the  rate  of  change  of  flux  and  therefore 
the  induced  emf  varies  linearly  with  the  speed  of  the  magneL 
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Apparatus  and  circuit  diagram  to  measure  Faraday's  law. 
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Partial  VJppon  for  equipment  purchase  to  cany  out  this  program  was  obtained  firom  the  NSF 
CSIP  IVogram,  Grant  CSI-8S52289,  and  from  the  Hewlett-Packard  Foundation.  The  inter- 
ferometer was  constructed  by  W.  Alan  Brewer,  and  experiments  were  performed  by  Paul  R. 
Lortng  and  Michael  Bait. 

1.  Boards  used  for  the  Apple  II  were  the  Mounuin  Computer,  A/D-D/A  (Mounuin 
Computer  hc^  Scotts  Valley,  CA)  and  John  Bell  Parallel  Interface  Card  (John  Bell 
Engineering,  San  Carlos,  CA).  Boards  for  IBM-PC  compatibles  were  the  Data 
lYsnsUtion  DT2801A  and  DT2806  (Dau  Translation,  Marlboro,  MA).  Other  boards 


Yollagi  v$.  ft torify 


YoUagt  w  fetocity 


Figura  1J«  Voltage  versus  velocity  using  'raraday's  law  apparatus. 
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with  tiinilv  capabilities  are  available.  For  a  list  and  review  of  those  avaUable  for  IBM 
PC  conqiMtibles  contact  the  author. 

2.  Pot  txmaf^t.  PC  Ub,  Dau  TVanslatioiu  Marlboio.  MA:  SoftSOO,  Keithley  Instruments, 
Cleveland,  OH,  Metrabyte,  Taunton,  MA  offen  software  provided  with  DASH  joards. 

3.  M.  L  DrJong,  Apple  II  Applications  (Indianapolis,  IN:  Sams,  1983). 

4.  R.  J.  BeH  iHroductory  Fourier  Transform  Spectroscopy  (New  York:  Academic  Press. 
1972). 

5.  Ctl37-Bal37  source  was  used  here.  This  source  and  others  are  available  from  Redco 
Science,  Inc.,  11  Robinson  Iju  Oxford,  CT  06483,  tel.  (203)  888-1266. 

6.  The  NSF  Instrumentation  and  Laboratory  Improvement  Program  (lU)  provides  match- 
inf  funds  for  *jndcigraduate  science  equipment  National  Science  Foundation,  Office  of 
Undergraduate  Science,  Engineering  and  Mathematics  Education,  Washington,  DC 
20550,  tcL  (202)  357-7611. 

7.  Model  HR-320  0.32  meter  Czemy-Tiwner  spectrograph  available  from  Insliuments  S A. 
Inc  173  Essex  Ave.,  Metuchen,  NJ  08840,  tel.  (201)494-8660. 

8.  Model  RC-1024SA  detector  array  available  from  Reiicon  Corp..  9l0  Bcnicia  Ave, 
Sunnyvale,  CA  94086,  tel.  (408)  738-4266. 

9.  R.  C.  Nicklin,  "Faraday's  Law— Quaniiiaiivc  Experiments,"  Am.  J.  Phys,  54,  422 
(1986). 


Online  Data  Analysis:  Snnart  PC 
Work  Stations 

Jordan  A.  Goodman 

Department  of  Physics  and  Astronomy,  University  of  Maryla.  A»  College  Park 
MD  20742-4111 


The  idea  of  using  a  personal  computer  as  a  terminal  lo  a  mainframe  is  at  least  as 
old  as  the  first  PC.  Countless  programs  arc  available  that  allow  the  PC  to  emulate 
all  sorts  of  traditional  "dumb*"  terminals.  Most  of  these  programs  use  very  liiUe  of 
the  pot  .  of  the  PC  to  compute  and  generate  graphics.  This  paper  discusses  new 
use  of  the  PC  as  a  very  smart  terminal.  Data  from  online  computers  are  passed  in 
ASCII  lo  a  PC,  allowing  the  user  to  rccoiiouuct,  manipulate,  and  study  data  inde- 
pendent of  the  data-taking  computer. 

Since  interfacing  data-acquisition  equipment  with  computers  is  a  difficult  and 
Unie-consuming  task,  many  special-purpose  analysis  systems  have  been  developed 
over  time.  These  systems  may  be  small,  self-contained  systems  such  as  multichan- 
nel analyzers  or  fullscale  systems  such  as  Fermilab's  Multi  or  Los  Alamos'  Q  sys- 
tem. These  systems  prov*  ^  fundamental  histogramming  and  data-storage  services. 
Programs  like  Multi  and  Q  run  on  machines  such  as  PDP  lis  or  VAXs.  These 
machines  offer  limited  graphics  capability  and  are  not  generally  as  user  friendly  as 
a  PC.  Using  a  PC  as  an  interface  lo  these  online  systems  can  add  specialized  fea- 
tures and  capabilities  to  existing  data-acquisition  systems. 


214 


Computers  in  the  Physics  Laboratory 


RecoQS,  .iing  and  displaying  complicated  events  can  be  farmed  out  to  PCs, 
which  art  better  suited  to  the  task  than  the  mainframes  that  acquire  the  data.  PC 
work  stations  can  be  set  up  to  interact  with  both  the  online  data-acquisition  system 
and  the  experiments*  This  type  of  system  has  been  employed  at  both  Rrmilab  and 
LosAIamos* 


The  Cygnus  Experiment  at  Los  Alamos 

The  Cygnus  experiment  at  Los  Alamos  is  designed  to  lock  for  ultra-high  energy 
(UH^  extensive  air  diowers  fiom  astrophysical  point  sources.  When  it  enters  the 
earth*s  atmosphere*  a  UHE  particle  creates  a  cascade  of  particles,  mostly  electrons, 
positrons,  and  photons,  that  travel  downward  towanl  the  ground  at  the  speed  of 
light*  A  typical  showa  initiated  by  a  2x10^^  eV  primary  particle  will  contain  10^ 
particles  at  mountait;  altitude.  The  Cygnus  experiment  has  over  100  plastic  scintil- 
lation counters  that  sample  the  density  of  shower  electrons  and  record  the  relative 
arrival  time  of  the  shower  front  with  nanosecond  accuracy.  The  direction  of  the 
shower  propagation  is  determined  from  the  arrival  timing.  The  shower  size  and 
core  location  are  found  from  the  density  profile.  Data  are  read  continuously  at  a 
rate  of  about  4  Hz. 

The  data*acquisition  s>stem  is  based  on  CAMAC  hardware  and  a  Los  Alamos 
built  interface  called  multibranch  driver  (MDB).  The  software  system  is  built 
around  the  Los  Alamos  Q  system.  The  experiment  originally  used  a  PDP  1 1^  for 
data  taking.  This  machine  had  a  limited  address  space  and  required  that  all  major 
software  be  heavily  overlaid.  Data  acquisition  later  was  shifted  to  a  Microvax  IL 

One  of  the  objectives  of  the  online  analysis  was  to  provide  for  event  reconstruc- 
tion and  dtq>Iay.  Color  was  impcmant,  as  was  the  ability  to  rotate  the  display  and 
inquire  about  individual  counters.  It  was  also  important  that  these  tasks  could 
occtir  at  sites  other  than  in  the  experimental  trailer.  The  online  package  also  uti- 
lized the  same  code  and  subroutines  used  for  offline  analysis. 

Analysis  software  for  reconstructing  event  directions  and  shower  size  was  writ- 
ten in  FORTRAN  and  run  on  Vaxes.  This  software  formed  the  basis  for  the  PC- 
based  online  system.  Reconstruction  code  from  the  Vax  was  compiled  onto  the  PC 
using  Microsoft  FORTRAN  77.  Device-independent  graphics  software  was  devel- 
oped using  the  IBM  Graphics  Development  Toolkit  This  utilized  a  virtual  device 
interface  that  interacted  with  device  drivers  loaded  at  run  time.  The  precise  nature 
of  the  gr24)hics  hardware  (number  of  colors,  resolution,  etc.)  was  not  referenced 
directly.  This  allowed  the  same  executable  image  to  run  on  machines  with  different 
levels  of  graphics  support 

The  Cygnus  online  software  displays  a  three-dimensional  view  of  the  detector 
locations  with  either  the  electron  density  profile  in  each  counter  or  the  relative 
arrival  time  of  the  shower  at  each  counter  shown  as  the  vertical  axis.  The  density 
plot,  shown  in  Figure  1,  rq)rcsents  the  electron  number  recorded  in  each  counter  as 
a  scaled  vertical  line.  Fits  to  the  shower  density  can  be  displayed  superimposed  on 
the  actual  detected  values.  The  location  of  the  flued  shower  core  (C)  is  also  shown. 
The  user  interacts  with  the  software  with  either  keyboard  or  mouse.  The  signal  in 
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Figum  1.    Cygnus  experiment  online  displays  of  electron  density  and  rela- 
tive arrival  time. 


an  individual  counter  and  its  deviation  from  the  fit  may  be  found  by  positioning  the 
mouse  dose  to  its  location  and  jwessing  a  button.  The  sensitivity  to  fitted  parame- 
ters can  be  studied  by  moving  the  core  to  a  new  location  and  refitting.  This  too  is 
done  with  the  mouse. 

The  time  di^lay,  also  shown  in  Figure  1»  shows  the  relative  arrival  lime  of  each 
counter  as  a  vertical  line.  (Time  is  converted  to  the  distance  scale  by  multiplying 
by  the  ^peed  of  light)  The  tick  nuirks  near  the  top  of  each  line  show  the  fitted 
value  of  the  arrival  plane.  The  software  can  rotate  the  viewing  angle  of  the  diq)lay 
so  that  the  arrival  plane  is  cleariy  visible.  Counters  removed  from  the  fit  arc  dis- 
played in  a  different  color.  The  history  of  individual  counters  can  be  studied  by 
using  the  mouse.  Problem  or  bad  counters  can  be  found  quickly  and  corrective 
action  can  be  taken.  A  third  display  Is  available  to  show  the  location  in  the  s?  y 
finom  which  each  event  has  arrived. 

The  PC  software  can  tog  events  it  receives  to  its  local  disk  for  later  rq)lay  or 
further  study.  This  allows  the  same  event  to  be  analyzed  again  with  a  variety  of 
algorithms  and  still  have  the  full  online  display  capability.  This  feature  has  been 
valuable  in  studying  reconstruction  techniques. 
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Experiment  E710  at  Fermilab 

£710  ti  Fennitab  is  an  experiment  to  measuit  the  total  cross-section  of  protons  on 
antiprolons  at  a  cefHer  of  mass  eneigy  of  ?  IbV  (10  eV).  This  experiment,  at  the 
Tevatron  collider,  uses  48  ring  counters  located  around  the  beam  pipe  on  either 
side  of  imersectioo  region  EQ  to  measure  inelastic  interactions.  In  addition,  four 
sets  of  drift  chambers  in  Roman  pots  that  move  into  the  beam  pipe  are  located 
downstream  from  the  intersection  r^on  to  measure  elastic  scauering.  The  online 
acquisition  system  is  Fermilab^s  RT-Multi  running  on  a  PDP  11/45.  There  is  no 
room  on  the  existing  PDP  system  for  interactive  color  di^Iay, 

A  PC-b^ied  system  similar  to  the  one  used  in  the  Cygnus  experiment  has  been 
employ^  to  provide  online  interactive  graphics.  Multi  provides  for  several  termi- 
nals to  interact  with  the  data  acquisition  system.  A  string  sent  from  the  PC  rcquc&ts 
tiiat  data  from  an  event  of  a  certain  type  be  sent  to  the  icnninal  Hne  that  is  connect- 
ed to  the  PC.  The  PC  then  Tits  and  di^Iays  the  event.  The  u5>er  selects  tiic  event 
type  from  a  menu  using  a  mouse.  The  user  also  has  the  option  of  zooming  in  on  the 
central  region  or  expanding  out  to  suidy  the  pot  signals.  Figure  2  shows  an  event 
display  for  a  typical  inelastic  trigger.  Ihe  numbers  and  horizontal  lines  rcpicsent 
the  time  deviation  from  the  fitted  time  in  nanoseconds. 

Description  of  the  Software  System 

An  important  feature  of  this  type  of  online  system  is  that  the  PC  is  linked  only  seri- 
ally to  the  actual  data-acquisition  machine,  so  the  online  program  can  be  run 
remotely.  The  data  on  each  counter  are  sent  on  integer  in  ASCII  exactly  as  if 
being  displayed  on  a  tcmoinal  ( i.e.  they  are  jiist  printed  to  a  terminal  line).  The  PC 
can  be  connected  via  a  modem  or  over  a  DECNET  link  through  another  machine. 
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Figure  2.    Online  display  of  an  inelastic  event  taken  at  Tevatron  collision 
region  EO. 
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The  data  associated  with  a  single  event  in  the  Cygnus  experiment  is  about  800 
bytes,  which  at  2400  baud  takes  only  about  four  seconds  to  transmit  Since  all  cal- 
culations and  di^lay  ccHitrol  as  well  as  all  user  interactive  features  are  handled 
locally  by  the  PC,  the  rate  of  conununicaticH)  has  little  effect  on  system  perfor- 
mance. Additionally,  no  mainframe  cpu  is  required  for  screen  control  and  fitting 
because  they,  too,  are  done  locally. 

Periups  the  most  advantageous  feature  of  this  type  of  online  system  is  indepen- 
dent software  'development  from  the  mainframe  acquisition  system.  Once  the 
acquisiti(H)  software  is  working,  no  changes  are  required  to  modify  or  update  the 
PC  display  and  analysis  package.  Software  updates  to  the  PC  software  do  not 
affect  the  logging  of  data  or  require  experiment  down  lime.  Source  code  for 
updates  can  be  sent  to  various  machines  over  networks  such  as  BITNET,  then 
downloaded  and  kx:ally  compiled  and  linked. 

The  key  to  the  entire  system  is  a  flexible  interface  between  the  PC  and  the 
mainframe.  This  is  provided  by  an  asynchronous  communications  subroutine 
callable  from  FORTRAN.  This  routine  provides  a  simple  protocol  for  the  exchange 
of  information  over  an  RS232  connection.  This  routine,  written  in  assembly  lan- 
guage, consists  of  two  parts.  The  first  pan  handles  the  interrupts  from  the  commu- 
nications port  and  receives  and  stores  data  in  a  circular  buffer.  It  also  sends 
appropriate  Xon  and  Xoff  commands  as  the  buffer  fills.  The  second  pan  of  the  rou- 
tine handles  the  interaction  with  the  FORTRAN  program  and  communications 
from  the  PC  to  the  mainframe.  The  call  to  the  routine  has  two  parameters:  a  mode 
flag,  which  can  take  on  many  values,  and  a  data  word  (or  array).  The  routine  has 
several  functions:  first,  whenever  an  integer  (i.e.  any  number  between  ±32767)  is 
sent  from  the  mainframe  to  the  PC,  its  value  is  rctumcd  to  the  calling  program  in 
the  data  word;  second,  a  suing  from  the  PC  may  be  put  into  the  data  array  and  be 
sent  to  the  mainframe.  In  addition,  while  the  program  is  waiting  for  an  integer  to 
be  returned,  all  keyboard  input  is  sent  to  the  mainframe.  The  mode  flag  selects  the 
operation  to  be  performed  as  well  as  whether  or  not  the  text  from  the  mainframe  is 
displayed  on  the  screen.  Other  modes  allow  the  user  to  check  the  buffer  contents  or 
reset  the  communications  port 

The  simplest  use  of  this  routine  is  as  a  lemunal  program.  The  FORTRAN  code 
for  this  program  is  only  four  operational  Imes.  (The  routme  is  called  BEG  for  his- 
torical reasons). 


c  Program  Terminal 

c  call  routine  ''beg"  with  mode  =1  this  will 

c  put   all   communications    from   the   mainframe   on  the 

screen . 

1  CALL  BEG(l,idata) 

c  Beg  returns  when  an  integer  is  found. 

c  Test  to  see  if  integer  is  9999  wnich  is  returned 

c  when  user  typed  ctrl-A  in  which  case  stop. 

O 
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IF  (idata.eq.9999)  STOP 

c  Return  to  teirminal  session 
GO  TO  1  BMD 

This  {vogram  will  y/oA  as  a  standard  VTlOO-type  terminal  passing  all  typed 
commands  and  special  characters  (anows)  and  di^laying  all  the  standard  symbols. 
Each  time  a  number  is  sent  &om  the  mainframe  it  is  returned  to  the  calling  pro- 
gram in  the  variable  "idaia."  Whenever  C6ntrol-A  is  typed,  the  routine  returns  the 
value  9999  to  the  main  program.  This  allows  the  user  to  exit  If  instead  of  using 
mode  1,  we  choose  mode  0,  no  output  iq>pears  on  the  screen.  In  this  manner  the 
program  can  allow  the  user  to  establish  communications  with  the  mainframe  and 
then  switch  to  a  mode  where  the  communications  session  is  not  visible.  The  format 
in  which  nimibers  are  passed  from  the  mainframe  is  completely  free-form  since  an 
integer  is  fonned  whenever  a  number  surrounded  by  non-numeric  fields  is  sent. 

Under  software  control  the  PC  can  use  the  communications  routine  to  send 
strings  to  the  mainframe  requesting  data  or  terminating  data  requests.  Since  the 
interrupt  software  buffers  data,  many  entire  ev^ts  can  be  sent  while  the  user  looks 
at  the  flist  one.  This  reduces  the  wait  time  between  events  to  the  time  required  for 
processing  t\c  event  and  allows  for  no  apparent  delay  even  at  low  communications 
rates. 

Conclusion 

The  PC  as  a  smart  work  station  has  been  demonstrated  successfully  in  experiments 
at  Fennilab  and  Los  Alamos.  The  interactive  graphics  available  on  the  PC  can  be 
used  to  simplify  aixi  enhance  the  user  interface  to  existing  data-  acquisition  sys- 
tems. 


Design,  Implementation,  and 
Performance  of  a  Microcomputer- 
Based  Laboratory  for  General 
Physics 

Richard  Bobst  Edwin  A.  Karlow,  and  Ivan  E.  Rouse 
Physics  Department,  Loma  Linda  University,  Riverside,  CA  92515 


The  use  of  computers  in  the  laboratory  is  popular  and  growmg  very  rapidly.  Many 
schools  want  to  implcmci..  computer-based  laboralories»  but  if  the  technology  is  lo 
enhance  the  educational  process  and  nut  jubl  confuse  or  frustrate  students,  several 
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serious  issues  must  be  addressed.  We  have  carefully  designed  a  microcomputer- 
based  laboratory  (MBL)  from  the  r  ound  up  and  feel  that  our  experiences  over  the 
past  three  years  will  be  helpful  ^o  others  planning  or  actually  in  the  process  of 
implementing  MBLs. 

Our  lop  priority  in  our  MBL  program  is  to  help  students  do  more  physics  and 
consequently  learn  better.  Since  most  of  our  students  are  pursuing  careers  in  the 
sciences,  a  benefit  of  the  program  is  that  students  are  exposed  to  experiences  by 
which  they  can  realize  some  of  the  exciting  potential  uses  of  computers  in  their 
own  disciplines.  To  accomplish  these  aims  we  equipped  each  lab  station  with  a 
computer  to  be  used  as  an  instrument  to  collect  data  and  analyze  it  in  meaningful 
ways. 

Decisions  about  hardware  are  critical  and  costly,  so  we  considered  ours  careful- 
ly. We  chose  to  use  inexpensive  home  computers  with  good  graphics  and  interfac- 
ing potential  (Commodore  64)  and  in  fact  were  able  to  get  a  compact  portable 
version.  The  portability  enables  us  to  put  them  away  when  they  are  not  needed  or 
to  move  them  to  a  different  lab  room  who*?  they  are  needed  elsewhere.  It  is  loo 
expensive  and  lakes  up  loo  much  space  for  each  student  to  have  a  plotter  and  print- 
er, so  we  chose  to  have  a  central  printing  and  plotting  tt4^ility  for  our  general 
physics  labs.  We  decided  that  we  needed  at  most  two  analog  inputs,  but  that  one  of 
them  should  be  able  to  read  voltages  from  a  few  millivolts  to  a  few  hundred  volts. 
After  some  research  we  decided  that  we  could  not  buy  what  we  needed  for  a  price 
we  could  afford,  so  wc  decided  to  build  our  own. 

In  order  to  run  an  MBL  program  one  must  have  software,  which  in  our  case 
needed  to  be  flexible  enough  to  collect  and  analyze  data.  We  decided  to  design  our 
own  software  instead  of  buying  commercial  software  and  associated  haniware.  We 
could  have  asked  students  to  write  their  own  programs,  or  we  could  have  designed 
general-purpose  computer  programs  that  would  be  used  throughout  the  year. 
Instead,  we  designed  lab-specific  software  to  be  used  with  specific  experiments. 
We  emphasized  graphical  displays  and  least-squares  fits  to  enhance  the  students' 
understanding  of  functional  relationships.  In  addition,  we  had  the  computer  help 
out  with  some  very  tedious  calculations.  We  wanted  the  students  to  be  able  to  get 
plots  on  a  plotter  and  data-summary  printouts,  so  we  opted  fc.  a  system  with  hard- 
copy  output  capabilities.  We  chose  to  include  some  information  on  the  computer 
aspects  of  tiic  experiments  in  our  lab  manuals,  but  not  a  lot. 

Implementing  such  a  major  change  in  our  lab  program  was  a  significant  chal- 
lenge. The  first  year  we  computerized  only  a  certain  number  of  the  experiments  wc 
were  already  do»ng,  but  we  added  more  each  succeeding  year.  Two  of  our  faculty 
members  took  on  the  task  of  designing,  producing,  and  refining  the  lab  software. 
They  were  aided  by  numerous  able  student  programmers.  One  of  our  faculty 
designed  the  computer  interface  and  students  assembled  it.  To  meet  the  expenses  of 
this  computerization,  wc  raised  funds  from  a  Commodore  grant,  alum^^i,  and 
departmental  equipment  and  supply  budgets. 

We  are  now  using  the  computers  in  some  way  in  nearly  every  experiment  that 
we  do.  In  some  experiments  the  computers  only  analyze  data,  but  in  others  the 
computers  are  used  as  instruments  to  collect  and  then  analyze  the  daia.  Using  com- 
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puteis  in  the  laboratory  has  several  positive  aspects:  functional  relationships  are 
seen  immediately,  measurements  and  iab  results  are  more  reliable,  bad  data  are 
easily  identified,  lab  time  is  reduced,  tedious  experiments  are  more  enjoyable,  and 
there  is  less  dishonesty.  The  computers  have  certainly  enhanced  the  physics  labora- 
tory experience  tor  our  students  in  many  w^vs. 

However,  having  more  electronic  equ*«/inent  in  uie  lab  also  means  that  many 
more  things  can  go  wrong.  This  increases  the  load  on  the  lab  instructors.  Some  stti- 
dents  come  in  without  computer  experience  and  are  a  bit  £q)prehensive,  but  that 
soon  disappears.  The  faculty  and  students  have  reacted  positively  to  this  venture 
into  MBL.  All  have  learned  a  great  deal  by  being  involved  in  this  challenging 
experience.  It  would  have  never  been  successful  without  the  invohement  of  nearly 
everyone  in  the  department 

In  the  future  we  would  like  to  be  doing  more  with  modem  and  nuclear  physics 
in  our  labs.  We  arc  putting  together  plans  for  a  second  phase,  during  which  we  will 
implement  a  number  of  experiments  in  these  areas.  Since  this  will  involve  consid- 
erable expense  tor  detectors  and  elecuonics  as  well  as  more  software,  we  have 
written  a  proposal  to  seek  major  funding  outside  the  institution. 


Microcomputer-Based 
Laboratories  in  Introductory 
Physics  Courses 


Vallabhaneni  S.  Rao 

Department  of  Physics,  Memorial  University  of  Newfoundland,  St.  John's,  NF,  Canada  AJB 
3X7 


We  have  designed  several  inu-oduciory-level  physics  laboratories  using  MBL 
probes  developed  by  Technical  Education  Research  Centers  (ierc)  and  other  com- 
mercially available  software  packages.  These  microcomputer-based  laboratories 
replace  conventiena!  laboratory  experiments. 

In  the  area  of  mechanics,  our  MBL  experiments  use  the  nriorion  probe  of  itrc 
to  allow  students  u)  study  the  graphical  nature  of  motion.  Newton  *s  second  law. 
and  simple  harmonic  motion. 

In  one  of  om  laboratory  experiments,  students  us ;  thrc's  motion  detector  to 
create  graphs  (displacement  vs.  time,  velocity  vs.  time,  and  acceleration  vs.  time) 
of  an  bject  in  uniform  motion  and  uniformly  accelerated  motion.  This  experiment 
really  helps  the  students  to  understand  the  graphical  representation  of  motion, 
which  plays  a  key  role  in  understanding  kinematics. 

Our  experiment  on  Newton's  second  law  uses  a  dynamic  cart  and  riiRc's 
mouon  detector.  The  computer  is  used  to  give  the  corresponding  acceleration  for 
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each  load  on  the  cart  We  have  extended  this  laboratory  to  study  the  acceleration  of 
the  cart  when  the  surface  is  smooth  and  when  the  surface  is  rough.  On  a  specially 
created  ramp  in  the  laboratory  the  students  explore  the  motion  of  ihc  cart  and 
establish  the  relationship  between  the  acceleration  of  the  cart  and  the  angle  of 
inclination.  This  experiment  saves  a  lot  of  time  in  establishing  the  relationship 
between  the  force  and  acceleration. 

The  motion  probe  is  used  to  study  simple  harmonic  motion  in  two  difTcrent 
ways.  First,  from  the  distance-vs.-time  graphs  of  the  object  undeigoing  SHM,  the 
students  determine  the  frequency  and  time  period  for  various  masses  at  the  spring 
or  for  the  same  mass  on  different  springs  with  different  force  constants.  This 
gnq)hical  analysis  is  then  used  to  demonstrate  the  relation  of  velocity  and  accelera- 
tion to  the  displacement  of  the  object  In  the  conventional  experiment  on  SHM,  it 
is  very  difficult  for  the  student  to  understand  these  relationships  graphically.  This 
experiment  also  helps  students  understand  the  effect  of  damping  on  the  motion  of 
the  object 

As  part  of  a  general  experiment  on  transducers  in  one  of  our  introductory 
physics  courses  for  life  science  majors,  we  have  developed  a  lab  in  which  students 
used  HRM's  Body  Electric  to  explore  bioelecuicity.  to  get  the  print  out  of  an  ECG. 
and  to  identify  the  individual  waves  of  the  heart's  electrical  wave.  In  a'Viition.  they 
observe  the  effects  of  inhalation  and  exhalation  on  heart  rate  by  making  appropri- 
ate measurements  of  their  heart  rates  using  the  time  "ruler."  Students  uote  individ- 
ual variations  in  the  shape  of  the  heartbeat. 

Another  simple  but  very  interesting  laboratory  was  designed  using  the  terc's 
sound  probe.  In  this  experiment  students  produce  a  nice  pattern  of  beats  using  tun- 
ing forks  to  establish  the  relationship  between  the  beat  frequency  and  the  two  fre- 
quencies of  thi  source.  They  first  use  the  individual  display  of  the  wave  fomi  of 
each  tuning  fork  to  determine  its  frequency,  and  then  they  measure  the  beat  fre- 
quency from  the  pattern  of  the  beat  wave  form.  This  experiment  allows  students  to 
hear  and  see  the  beats  displayed  simultaneously  on  the  monitor.  In  our  view,  this 
provides  the  solid  experimental  background  for  the  concept. 

In  this  pap^r,  I  will  give  the  details  of  these  laboratories  and  will  review  student 
feedback.  The  initial  response  from  the  students  is  quite  positive.  They  regard  the 
laboratory  part  of  their  inuoductory  physics  course  with  an  enthusiasm  that  was 
not  there  in  the  conv  ^ntional  labs. 
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SAKDAC-Based  Physics  in 
Introductory  Labs  at  Miami 
University 

Don.  C  Kelly 

Department  <f  Physics,  Miami  University,  Oyford,  OH  45056 

Stewart  A.  Kelly 

Department  cf  Electrical  Engineering,  Stanford  University,  Stanford,  CA  94305 


Introducu^  physics  laboratories  at  Miami  University  use  Apple  lie  computers 
cqmppcd  with  a  locally  dcvetoped  data-acquisition  card  (SAKDAC).  photogates, 
and  ouicr  home-brew  q>paratus.  In  our  presentation,  we  will  describe  problems 
and  opportunities  a5:j»ociated  with  computer-based  labs.  We  will  show  a  video  of 
students  performing  a  number  of  experiments  using  the  SAKDAC-based  system. 
The  fcdiowing  experiments  are  shown: 

Acceleration  of  Gravity.  Students  measure  the  gravitational  acceleration  of  a 
ball  bearing  using  a  convened  Behr  apparatus  and  the  SAKDAC  timer.  The  bear- 
ing serves  as  a  switch  that  starts  the  timer.  The  timer  is  stopped  when  the  bearing 
interrupts  a  photogate  beam.  Students  identify  the  consistent  minimum  time  of  fall, 
and  determine  g  to  thrr;e  signiflcant  figures. 

Conservation  of  linear  Momentum.  An  air  track  is  inclined  very  slightly  to 
allow  an  air  car  to  move  at  constant  velocity.  The  air  car  has  a  platform  that  "catch- 
es'* a  small  mass  released  by  the  student  The  SAKDAC  timer  is  used  to  measure 
the  velocity  of  the  car  before  and  after  the  mass  catch.  Momentum  conservation  is 
typically  confirmed  to  within  2  percent 

Conservation  of  Angular  Momentum.  A  plastic  puck  rotates  in  an  air  pond  The 
student  dans  two  identical  masses  in  succession  onto  the  puck.  The  period  of  rota- 
tion is  measured  continuously  using  the  SAKDAC  timer  and  a  photogate. 
Measurements  of  the  period  of  rotation  before  and  after  each  of  the  two  masses 
strike  the  rotating  puck,  allow  confirmation  of  angular  momentum  conservation 
without  reference  to  moments  of  inertia 

Precession.  The  student  measures  the  pr.  cssional  period  of  a  bicycle  wheel 
directly  and  compares  the  results  with  the  equation  where  T^^^  is  the  spin  period  of 
wheel,  as  measured  with  SAKDAC  timer  and  hand-held  photogate,  is  the 
period  of  wheel  as  a  physical  pendulum,  about  an  axis  parallel  to  the  spin  axis,  h  is 
the  distance  between  spin  axis  and  physical  penoulum  axis,  and  r  is  the  distance 
from  support  rope  to  center  of  mass. 
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Learning  Physics  Concepts  with 

Microcomputer-Based 

Laboratories 

Ronald  IC  Thornton 

Center  for  Science  and  Math  Teaching,  Tufts  University,  Medford,  MA  02155 


High  school  and  college  physics  courses  have  little  carryover  to  students*  under- 
standing of  die  larger  physical  world.  They  do  litde  to  connect  coursework  to  stu- 
dents* everyday  experience,  to  connect  simple  understandings  to  underlying 
principles,  or  to  address  directly,  student  misunderstandings  (which  are  often 
grounded  in  everyday  experience).  Instead  of  connecting  course  wotk  to  everyday 
e?q)erience,  physics  courses  often  mire  the  student  in  the  details  of  data  collection 
and  presentation  Microcomputer-based  laboratory  (MBL)  tools  ease  the  tasks  of 
data  collection  and  presentation,  thus  encouraging  students  to  become  active  par- 
ticipants in  scientific  process.  Led  to  ask  and  answer  their  own  qu  ^stions,  they 
learn  physics  concepts  more  easily  in  MBLs  tlian  in  lectures. 

Learning  is  enhanced  when  students  arc  able  construct  knowledge  for  them- 
selves, but  MBL  tools  are  not  enougli.  Experience  in  universities  and  high  schools 
around  the  country  has  shown  that  carefidly  constructed  cuiricula  are  also  neces- 
sary. The  curricula  developed  under  the  Tools  for  Scientific  Thinking  Project  at 
1\ifts»  and  used  in  cdlaborating  institutions  around  the  country,  makes  use  of  the 
guided  discovery  approach.  Guided  discovery  curricula  pay  attention  to  student 
alternative  understandings,  support  peer  learning,  and  do  not  explicidy  depend  on 
physics  lecttures.  Using  MBL  tools  and  guided  discovery  curricula,  students  more 
easily  acquire  an  understanding  of  the  scientific  principles  that  underlie  their  expe- 
rience, a  sound  physical  intuition,  and  competence  in  the  use  and  interpretation  of 
graphs. 

Data  gathered  about  student  learning  by  members  of  the  Tools  for  Scitntific 
Thinking  in  collaboration  aixl  in  high  ichools  around  the  country  show  substantial 
improvement  in  learning  concepts  related  to  motion  (kinematics),  and  heat  and 
temperature  by  students  who  use  MBL  laboratories  as  compared  to  those  in  ordi- 
nary laboratories.  Considerable  evidence  suggests  that  many  of  these  simple  con- 
cq>ts  are  not  learned  by  listening  to  lectures— no  matter  how  good  the  lecturer  is. 
The  concepts  learned  in  MBLs  also  seem  to  be  retained  (at  least  as  long  as  the  final 
exam).  When  using  MBL  tools,  students  of  all  sorts  (badly  prepared,  well  pre- 
pared, ev^  the  science  anxious)  are  very  enthusiastic. 

Learner-controlled  laboratory  explorations  with  easy-to-use  computer  measure- 
ment tools  give  students  immediate  feedback  by  presenting  data  graphically  in  a 
manner  that  can  be  immediately  understood.  Such  MBL  tools  provide  a  means  of 
altering  physics  pedagogy  by  enabling  teaching  to  begin  with  the  students*  direct 
Q    experience  of  the  familiar  physics  world.  Using  MBL  sensors  and  software,  stu- 
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dcnrs  can  siinultaneously  measure  and  graph  such  physics  quantities  as  position, 
velocity,  acceleration,  force,  temperature,  light  intensity,  soui  d.  and  voltage. 

In  this  hands-on  workshop,  participants  will  use  MBL  tools  selected  from  force, 
motion,  sound,  heat  and  temperature,  and  light  to  explore  methods  of  effectively 
teaching  physics  in  universities  and  high  schools.  They  will  also  examine  curricula 
that  have  been  successful  in  teaching  basic  physics  concq>ts.  The  prinuuy  focus  of 
the  woricshc^  will  be  on  methods  of  teaching  physics  using  MBL  tools  rather  than 
on  die  meanr  of  interfacing  computers  to  the  physical  world. 


Use  of  Microcomputer  in 
Introductory  Laboratories  at 
Ohio  State 

Gordon  J.  Aubrecht  II 

Departmem  of  Physics,  Ohio  State  University,  Columbus,  Oil  432 10- 1 106  and  Marion  OH 
43302.5695 


The  availability  of  microcomputers  is  prompting  a  change  in  the  sequence  and 
selection  of  topics  in  physics  instruction.  Physicists  who  own  and  use  microcom- 
pptcrs  in  their  classes  are  more  receptive  to  introducing  topics  not  usually  found  in 
our  current  inoxxluctory  physics  textbooks— for  example,  nonlinearity  or  real  air 
resistance.  The  very  existence  of  this  conference  attests  to  the  ferment  the  techno- 
logical changes  have  caused  in  the  physics  community.  This  willingness  to  change 
should  be  channeled  and  used  to  assist  in  the  rcevaluation  and  resuiicluring  of  the 
entire  introductory  physics  curriculum.  The  laboratory  component  of  introductory 
courses  is  one  area  particularly  amenable  to  change. 

A  1986  Ohio  State  University  physics  department  self-study  reveals  over- 
whelming discontent  with  the  introductory  laboratories.  Students  and  graduate- 
assistant  graders  regard  them  as  loathsome,  and  lecturers  as  irrelevant.  Discontent 
with  the  state  of  the  laboratories  led  the  curriculum  committee  to  recommend 
sweeping  changes.  Such  changes  take  considerable  thought  and  money,  so  it 
seemed  prudent  to  try  out  various  alternatives  in  small  pilot  programs, 

I  teach  at  the  Marion  campus  of  Ohio  State.  The  enrollment  is  low— about  900 
students  overall— but  the  introductory  courses  are  identical  to  those  offered  in 
Columbus.  Because  of  its  small  size,  the  Marion  campus  physics  program  offers  an 
ideal  test  site  to  pilot  changes  proposed  in  the  curriculum  committee  report.  As  a 
member  of  the  curriculum  committee,  I  find  it  relatively  simple  to  feed  back  expe- 
rience into  the  department. 

My  report  covers  my  experience  with  some  of  the  pilot  inuoduciory  laborato- 
ries. In  particular,  I  discuss  laboratories  I  have  designed  to  give  the  students  kines- 
Q  'leiic  experiences  -those  that  integrate  the  body's  feedback  mechanisms  with 
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physically  measurable  quantities.  With  the  joperation  of  Ron  Thornton  of 
Ibchnical  Education  Research  Centers,  I  have  tested  this  software  in  college-level 
classes* 


Measurement  of  the  Tension 
in  a  String 

J.  Hellenrtans  and  G.  Hautekiet 

AfdeUng  Didaktische  Fysika,  Katholieke  UniversiuU  Leuven,  3000  Leitven,  Belgium 

Students  studying  mechanics  often  do  not  understand  that  the  tension  of  a  string 
attached  to  a  moving  object  changes  with  the  acceleration  of  the  object.^ 
Measuring  this  tension  is  not  possible  with  a  classical  forcemeter  (i.e.  a 
dynamometer),  but  can  be  done  with  an  arrangement  of  suain  gauges. 

The  experimental  setup  is  given  in  I^gure  1.  The  mass  M  can  slide  along  a  two- 
meter  air  track,  and  is  connected  with  a  string  to  the  nru&ss  m,  which  can  move  ver- 
tically. A  leaf  ^ng,  mounted  ciose  to  m,  measures  the  tension  in  the  string.  Two 
strain  gauges  are  glued  on  each  side  of  the  leaf  spring.  The  strain  gauges  are 
mounted  in  a  bridge,  the  signal  of  the  bridge  is  amplified,  and  using  the  appropriate 
interCacing  and  software,  the  value  of  this  signal  is  read  on  a  monitor.  Changing  the 
angle  leads  to  a  different  acceleration  of  M  and  m.  Wh^  the  tension  in  the  string 
changes,  the  reading  on  the  monitor  will  change  accordingly.  The  detail  of  the  leaf 
spring  s  with  strain  gauge  g  glued  on  top  is  given  in  Figure  1(B). 


Figure  1.    (A)  The  experiment  set-up.  (B)  Detail  of  the  leaf  spring  s  with 
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svrain  gauge   glued  on  top. 
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h  IL  OunitOfc,  Student  Ufadcnunding  in  Medianict:  A  Large  I\)puUtion  Survey,**  Am. 
J.  Phys.  55. 691  (August  1987). 


The  Tension  in  the  String  of  a 
Simple  Penduiutn 

J.  Heilemans  and  G.  Hautekiet 

Afdelmg  Dldahisehe  Fyslka.  Katholkke  Universiteit  Uuven,  3000  Leisven,  Belgium 


Wc  gave  25  third-year  physics  students  who  had  taken  an  extensive  mechanics 
course  in  their  first  year  a  few  minutes  to  draw  the  acceleration  of  a  swinging  pen- 
dulum (sec  Figure  1).  Only  a  few  student:  succeeded  in  doing  it  correcUy.  Most  of 
the  students  made  the  classical  mistake^  of  saying  that  in  A  and  i4'  the  acceleration 
is  zero,  and  that  in  B  and  S '  it  is  tangent  to  0£  and  OB* .  Many  were  convinced  that 
the  tension  Tin  the  string  ii  always  equal  to  sin  ft  To  correct  these  misconcep- 
tions, we  asked  students  to  determine  experimentally  the  tension  in  the  string  of  a 
pendulum  as  a  function  of  time. 

The  easiest  construction  would  be  to  use  a  pendulum  attached  to  a  dynamome- 
ter, but  a  dynamometer  is  unequal  to  the  task  because  the  reaction  time  of  its  spring 
is  too  long  in  comparison  to  the  period  of  oscillation  of  the  pendulum.  In  our 
experiment,  the  string  is  attached  to  one  end  of  a  leaf  spring  on  which  two  strain 
gauges  are  attached  on  the  vsppcx  and  undersides.  The  other  end  of  the  leaf  spring  is 
firmly  fixed*  The  strain  gauges  were  mounted  in  a  bridge,  and  the  signal  of  the 
bridge  is  ampUfied.  Both  strain  gauges  and  amplifier  were  purc"^  cd  from  R.  S. 
Component,  Ltd.  The  mooting  of  strain  gauges  and  amplifier  is  very  simple  and 
can  be  done  by  any  physics  teacher.  The  ^  uiput  of  the  amplifier  is  introduced  to  a 
microcomputer  via  the  appropriate  interface,  and  the  signal  can  be  seen  on  the 
screen  with  the  help  of  the  standard  sloragcscopc  program  that  comes  with  the 
interface. 

From  simple  mechanica'  reasoning  the  following  equations  are  obtained: 
T - mg cos  e=ma^  =  mv^/R  =  mR  (dO/dl)^ 

mg  sin  0  =  mfl^  =  m/?  ((fiQ/dfi) 
For  small  angles,  the  results  of  these  equations  are: 

T =wg(l  +  OQ^sitfimt) 

From  the  last  equation  it  is  clear  that  the  tension  is  a  function  of  time,  and  will 
be  minimal  for  /  =  0;  7  /  2; . . .  (which  corresponds  to  0  =  ±  6^);  maximal  for 
3T/4; ...  (which  corresponds  to  0=0). 
O     In  our  demonstration,  we  will  show  the  results  of  a  measurement  of  the  tension 
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Figura  1.    The  acceleration  of  a  swinging  pendulum. 


In  our  demonstration,  we  will  show  the  results  of  a  measurement  of  the  tension 
as  a  function  of  time. 

1.  F.  Rcif,  ".Scientific  Approaches  to  Science  Education,"  Phys,  Today  39,  48  {Novcmba 
1986);  R.  Gunstone,  "Student  Understanding  in  Mechanics:  A  Large  Population 
Survey."  Am.  J.  Phys.  55, 691  (August  1987). 


Advanced  Laboratory  Computer 
Data  Acquisition  and  Analysis 

Don  M.  Sparlin 

Physics  Department,  University  of  Missouri^RoUa,  Polla,  MO  65401 


Advanced  laboratory  projects  generate  lists  of  independent/dependent  pairs  of 
numbers  representing  measurements.  Students  are  asked  to  extract  values  of  funda- 
mental constants,  or  to  assume  the  constants  and  test  the  fit  of  one  or  more  theoret- 
ical functions.  There  are  now  software  package::  to  assist  in  such  analysis.  These 
packages  allow  professional  quality  acquisition,  analysis,  and  graphical  presenta- 
tion at  an  affordable  cost  and  minimal  student  programming  time. 

The  physics  department  of  the  University  of  Missouri>Rolla  has  for  many  years 
O   supported  an  intensive  junior-year  project  laboratory.^  Working  in  groups  of  two  or 
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ihicc.  ihc  students  complete  a  coherent  project  during  each  of  two  successive 
semesters.  This  project  laboratory  requires  extra  resources  in  terms  of  space,  appa- 
ratus, and  faculty  time,  but  we  And  it  indispea^ble  because  it  requires  students  to 
develop  in  performance  areas  not  often  found  in  encyclopedic,  or  series-scheduled 
labcKatories. 

Students  must  carefully  select  their  project  for  the  semester  from  a  list  of  over 
40  suggestions.  After  groups  have  formed  and  compromised  on  a  project  title,  they 
must  complete  library  research;  develop  a  final  formulation  of  the  project;  specify, 
assemble,  and  calibrate  the  needed  apparauis;  write  a  proposal  and  orally  present 
their  project  at  midsemester,  develop  and  follow  a  laboratory  procedure;  take  and 
analyze  data;  keep  individual,  functional  laborator}*  notebooks;  write  a  term  paper 
to  AIF  Style  Manual  standards;  and.  finally,  present  their  results  in  a  sequence  of 
individual,  fornial.  ten-minute  talks  before  a  critical  audience  of  their  peers,  former 
students  in  the  course,  and  the  physics  department  faculty.  Armed  with  a  loud 
timer,  the  gradiiiate  assistant  for  the  course  serves  as  master  of  ceremonies. 

The  goal  of  the  laboratory  is  to  develop  laboratory  process  rather  than  specific 
skills,  so  students  are  encouraged  to  avoid  writing  programs  already  available  in 
commercial  software  packages.  ForUinatt'y.  there  arc  now  many  software  packages 
by  scientists  for  the  use  of  scientists,  so  it  is  no  longer  necessary  to  force  the  use  of 
business  software  into  the  service  of  scientific  analysis.^  Until  recently,  adequate 
data  acquisition  and  experiment  conuol  ai  UMR  meant  that  students  had  to  master 
programming  an  AIM  65  microcon  , .  using  custom-built  8-bit  I/O  boards.  This 
required  considerably  more  time  than  was  appropriate  to  the  average  project. 

We  have  now  acquired  softwar  'Hat  reduces  programming  to  selection  from 
menus.  We  acquired  this  software  SYSTANT-^.  during  an  educational-discount 
opportunity.  It  is  used  with  a  12-bii  I/O  board.3  and  offers  menu-driven  analysis, 
graphics.  conUol.  and  data  acquisition.  We  use  ASYSTANT-^  with  MS-DOS 
machines  with  640K  memory.  Hercules  graphics  presentation,  and  fioppy  disk 
storage.  The  package  provides  the  reliability  and  instant  graphics  presentation  nec- 
essary to  complete  a  project  during  a  single  semester.  Students  must  still  use  and 
calibrate  operational  and  insuumenialion  amplifiers  foi  signal  conditioning. 

I  am  /ery  salisfico  ./ith  the  level  of  effort,  understanding,  and  accomplishment 
achieved  by  our  students  with  such  insuumcntation.  Since  the  project  requires  a 
term  paper,  publication-quality  graphics  (in-house  plot  routine  on  IBM  plotter), 
and  oral  presentation  of  the  project  to  the  department,  the  students  deserve  the  best 
available  equif^cnt  and  insuumentaiion.  Using  computers  as  versatile  tools  docs 
not  interfere  with  the  full  involvement  of  the  student  with  the  physics  of  the  pro- 
ject. I  do  not  have  the  same  opinion  of  full  computer  simulations. 

Among  the  projects  completed  using  this  software  have  been  two-dimensional 
thermal  diffusion.  sub-Rayleigh  criterion  Zccman  data."*  Cavendish  balance  dis- 
placements, surface  plasmon  absorption  peaks,  comp  iter-generaied  holograms, 
and  the  value  of  the  spin-spin  relaxation  time.  72.  from  NMR  signals.^ 

1.  L.  Rcinisch  and  D.  M.  Sparlin.  "UMR  Inc..  A  Role  Playing  Experience  in  the 
Advanced  Laboratory  "  Am.  J.  Phys.  46.  3  (1978). 
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2.  D.  M.  Sptfliru  "ASIOTW— How  Software  Changes  Laboratory  Goals,"  Physics 
Section  Missouri  Academy  of  Science,  1987  Annual  Meetir^,,  Lincoln  University, 
Jeffenon  City.  MO.  24-25  Apni  mi;  ASYSTAMT^  (Rochestci  NY:  .^rar 
Softw«eTedmolo|ies,  Inc^  1987). 

3.  IBM  data  acquisition  and  control  board  and  terminal,  Mendelson  Electronic  Co.,  Inc., 
340  East  First  Street,  Dayton,  Ohio  45402,  (800)  422-3525.  Priced  at  $195  per  set. 
UmitMl  number. 

4.  D.  H  Sparlin,  ^'Beyond  the  Rayleigh  Cnterion  with  ASYSTA^:'  Paper  HH6,  Summer 
Meeting  of  the  Ai  jrican  Association  of  Physics  Teachers,  Bozeman,  MT,  15-19  June 


5.  D.  M.  Sparlin,  **Computer  Analysis  of  Advanced  Laboratory  NMR  Data,**  Paper  ED8, 
Annual  Meeting  of  the  American  Association  of  Physics  Teachers,  Washington,  DC, 
25-29  January  1988. 


Advanced  Electronics  with 
Physics  Applications 

Michael  J.  Pechan 

Department  cf  Physics,  Miami  University,  Oxford,  OH  45056 


Advanced  Electronics  with  Physics  Applications  (AEPA)  is  a  iwo-scmcsicr 
scnior/graduate-Icvel  laboratory  sequence  that  builds  upon  the  experience  our 
physics  and  engineering  physics  majors  gain  with  computers  throughout  our  cur* 
riculum.  This  experience  includes  using  the  computer  as  a  "black  box**  tool  in  the 
thite-semester,  intnxluctory  physics  sequence,  interfacing  physics  experiments  to  a 
personal  computer  at  the  sophomore  level,  and  computational  physics  in  our  math- 
ematical physics  sequence  at  the  junior  level.  We  will  discuss  these  three  other 
applications  in  other  presentations  at  this  cotit'crence. 

AEPA  introduces  electronics  techniques  employed  by  experimental  physicists. 
The  microprocessor  is  given  considerable  auention  and  is  used  where  appropriate. 
However,  it  is  used  only  if  it  is  the  best  tool  for  the  job.  Design  is  an  important 
aspect  of  AEPA.  Accordingly,  the  Jab  handouts  are  decidedly  not  "cookbook"  in 
nature.  Studenu  are  expected  to  present  their  results  in  a  professional  journal  for* 
mat 

Each  experimental  work  area  for  AEPA  is  equipped  wiin  a  Macintosh  Plus,  a 
Metarescarch  BenchTop  Instrument,  a  digital  mult  meter,  oscilloscope,  function 
generator,  digital  trainer,  and  frequency  meter.  The  Macintosh  was  chosen  for  its 
ease  of  use  and  small  "footprint**  on  the  workbench.  The  BenchTop  has  several 
unique  features  that  make  it  ideal  for  training  in  data-acquisition  techniques.  Its 
highly  developed  system  of  I/O  along  with  a  supplied  training  manual  make  it 
ideal  for  studies  of  microprocessor  architecture.  Sophisticated  A/Ds  (12-bil.  16- 
channel,  35  kHz,  true  differential,  programmable  gain,  unlpo*a^^ipolar  switchable) 
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and  D/As  (12-bit,  up  to  6  channels)  combined  wiih  the  base  CPU  provide  a  flexi- 
ble, yei  powerful,  training  system. 

AE?A  I  is  the  first  course  in  the  two-semester  sequence.  AEPA  I  is  a  three- 
credit,  IS-week  course  tha!  meets  for  two,  two-hour  labs  and  a  one-hour  lecUirc 
each  week*  INventy-thrte  experiments  in  the  course  include  introduction  to  tools 
(one  experiment),  digital  t<x;hniques  (four  experiments  and  a  student  project), 
microprocessor  architecture  (six  experiments  aifid  a  student  project),  and  appliol 
physics  (ei^  experiments  and  two  ^deiU  projects). 

Digital  techniques  cover  gates,  flip-flops,  monolithic  counters,  and  wave-shap- 
ing circuits.  Microprocessor  architecuire  covers  the  basic  insuuction  set  of  the  Intel 
8031  microprocessor  including  program  conupl,  arithmoic  and  logic,  port  manipu- 
lation, and  input  and  ou4)ut  interfacing  through  A/D  and  D/A  devices.  Students 
leam  to  contrd  and  monitor  the  applied-physics  experiments  at  the  machine  level, 
to  control  the  machine  routines  and  manipulate  the  output  with  highcr-lcvcl  lan- 
guages, and  to  analyze  their  data  in  commercial  spreadsheet  programi.  The 
applied-physics  experiments  include  verification  of  Theveiiin*s  analysis,  passive- 
filter  frequency  response  (manual  dat^i  collection),  higher-order  passive  and  active 
filters  (automated  data  collection),  F  ivxicr  analysis,  impedance  matching,  oscilla- 
tors. FET  characterization,  voltage-cc  ^.trolled  gain,  digital  resistance,  determina- 
tion of  magnetic  hysteresis  using  an  analog  trace,'  and  a  digital-capture  technique. 

AEPA  II,  the  second  course  in  the  sequence,  meets  once  a  week  for  a  two-hour 
lab  and  uses  the  experiences  gained  in  AEPA  I  to  tackle  mo:c  advanced  projects. 
Topics  include  capturing  the  induced  cml  of  a  falling  magnet,^  measuring  the 
speed  of  tight,  phase-locked  loops  and  locK-in  ampltfiers,  electron  diffraction,  and 
CAD  production  of  a  printed  circuit  board. 

The  students  fmd  AEPA  to  be  chu  iCnging  and  overall  response  has  been  decid- 
edly positive.  The  course  cont'  it  appeals  to  a  wide  range  of  interests  and  prepares 
our  majors  to  pursue  technical  c^^cers  at  a  variety  of  levels.  The  ongoing  goal  for 
the  course  is  to  continually  upgrade  the  physics  content. 

1.  John  W.  Snider,  ''Magnetic  Hysteresis  Measurements  wilh  an  Integrating 
Magnetomelcr/*  Am.  J.  Phys.  39. 964  0971). 

2.  R.  C.  Nicklin.  "'Faraday's  La>^*Quantiutive  Experiments."  Am.  J.  Phys.  54.  422 
(1986). 
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Computer  interface  for 
Measurement  of  Coefficient  of 
Linear  Expansion 

Todd  A.  Hooks,  David  L  DuPuy,  and  Philip  B.  Peters 

Departmem  of  Physics  and  Astronomy,  Virginia  MUilary  Institute,  Lexington,  VA  24450 

In  order  to  contnd  an  experiment  to  measure  the  coefHcient  of  linear  expansion  of 
copper»  wc  have  implemented  a  computer  interface  and  the  required  software.  We 
designed  the  interface  to  allow  th^  minute  changes  in  length  upon  cooling  a  copper 
tube  to  be  measured  by  the  variation  in  oavpxxi  voltage  of  a  linear  potentiometer. 
This  voltage  is  amplified  and  scaled  and  subsequently  converted  to  a  digital  num- 
ber by  an  ADC. 

The  temperature  at  four  different  places  on  the  metal  tube  is  monitored  by  tem- 
perature transducers.  Each  of  these  transducer  ou^ts  is  selected  in  sequence  using 
a  multiplexer.  This  voltage  is  aioplified  and  scaled  and  converted  to  a  digital  num- 
ber. 

The  VO  interface  with  the  computer  is  an  82SS-programmable  peripheral  inter- 
face chip.  A  total  of  SO  data  points  is  taken,  covering  the  temperature  range  from 
370K  to  320K.  The  measmcd  value  of  the  expansion  coefRcicnl  is  accurate  to 
within  2.7  percent  of  the  handbook  value. 


A  Parallel  Approach  to  Data 
Acquisition  and  Control 

Charles  D.  Spencer 

Department  of  Physics,  Ithacj  College,  Ithnca,  NY  14850 


After  considerable  experience  developing  hardware  and  software  for  computer- 
based  physics  laboratories  and  instruments  at  Ithuca  College,  I  have  built,  tested, 
and  refined  a  parallel  data  collector  (PDC).^  My  objective  was  to  "  ^velop  hardware 
and  software  that  works  as  independently  as  possible  from  the  host  c  iputer,  sup- 
ports a  wide  range  of  measurements,  and  is  adaptable  to  new  data-acquisition 
needs. 

The  best  way  for  a  computer  to  communicate  with  data-collection  hardware  is 
through  parallel  I/O  ports  designed  lor  the  computer's  expansion  slots.  Once  ports 
are  installed,  the  remaining  PDC  hardware  (including  that  which  implements  tim- 

O 
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ing  and  control  functions  and  makes  measurements)  and  all  software  are  mdepcn- 
dent  of  the  host.  Ports  can  be  purchased  for  any  computer  with  expansion  s\o\s. 
However,  commercial  devices  are  overly  expensive  and  complex,  and  simple  ports 
can  be  easily  built  We  have  produced  versions  for  Apple  II,  IBM  PC/XT/AT,  and 
old  S-100  computers,  and  we  are  working  on  versions  for  IBM  PS/2  and 
Macintosh  II  machines. 

The  PDC  uses  two  8-bit  I/O  ports:  control-in,  control-out;  and  data-in,  data-out 
lines.  The  data-collection  hardware  is  set  ap  with  sequences  of  output  commands 
to  control-out  lines  (such  as  programmable  interval  timer  or  PIT  integrated  cir- 
cuits). Polling  the  control-in  lines  allows  software  to  monitor  the  status  of  data 
acquisition  (such  as  when  data  is  ready).  Data-in  lines  read  measured  values  (from 
PITS,  ADCs,  and  memory).  Data-out  lines  send  PIT  programming  codes,  and  initial 
count  values  to  the  hardware. 

The  PDC  supports  measurement  and  coi  ircuits  composed  of  combinations 
of  up  to  six  Intel  8253  PITs,  up  to  six  A  Jcvices  AD583  ADCs,  i?.id  up  to 
eight  Hitachi  8263  8K  by  8-bil  static  RAMb  <as  well  as  combinauons  of  numerous 
other  devices). 

So  far  we  have  implemented  three  versions  of  the  PDC:  (1)  a  general-pnposc 
system  that,  with  appropriate  software,  can  act  as  a  logger  for  one  or  two  voltages 
at  rates  selectable  from  0.(X)1  to  2,(XX)  readings  per  second  (with  rcal-iime  graphics 
up  to  1,CC0  readings  per  second  using  an  8  MHz  PC- AT  compatible  with  Microsoft 
QtuckBASIC  4.0);  as  a  pulse  height  analyzer  with  9-bii  resolution;  as  a  single- 
channel  real-lime  multiscaler  with  the  counting  interval  selectable  from  1  millisec- 
ond to  1,000  seconds,  as  a  sequential  event  timer  with  the  mmimum  time  between 
adjacent  events  1  millisecond;  or  as  a  combination  timer  and  voltage  logger,  which 
can,  for  example,  measure  the  velocity  of  an  air-track  glider,  the  impulse  of  its  col- 
lision with  an  end  bumper,  and  llie  return  velocity;  (2)  a  "fast"  voltage  system  in 
which  the  hardware  acquires  and  stores  8-bit  ADC  values  in  local  memory  at  pro- 
grammable rates  up  to  40K  readings  per  second;  (3)  a  16-channel  rcal-ume  multi- 
sealer  with  the  counting  interval  selectable  and  with  16-bil  resolution  per  channel. 
Afte*-  acquisition,  the  host  computer  inputs  the  values  from  PDC  memory. 

In  addition  to  these  capabilities,  the  PDC  is  adaptable  to  whatever  new  mea- 
surement objectives  come  along.  Possibilities  include  output  controls  for  stepper 
motors  and  temperature  controllers,  and  data  outputs  for  digital-to-analog  convert- 
ers. When  it's  time  to  upgrade  to  a  faster,  more  powerful  host  computer  (with 
enhanced  languages,  operating  system,  graphics,  storage  and  communication  capa- 
bilities), all  that  must  be  done  to  get  the  PDC  up  and  running  is  to  acquire  "simple" 
parallel  port*:  for  the  expansion  slot,  transfer  high-level  language  software  from  the 
old  system  to  the  new,  and  probably  make  some  software  modifications.  No 
change  in  operation  principles  or  data-acquisition  hardware  is  needed. 

1,  C.  D.  Spencer  and  R  Mueller.  "Mullichannel  Analy/.er  Bujlt  from  a  Mkrocomputer." 
Am.  J.  Phys.  47.  445  (1979);  R  A.  Smith.  C.  D  Spencer,  and  D.  E.  Jones. 
"Microcompuier  Listens  to  the  Coefficient  of  Restitution."  Am.  J.  Phys.  49.  136 
(1981);  D.  A.  Briotta.  R  F.  Seligmann.  R  A.  Smith,  and  C  D  Spencer.  "The 
Appropriate  Use  of  Microcomputers  in  Undergraduate  Physics  Labs."  Am.  J.  Phys.  5. 
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891  (1987);  C.  D.  Spencer,  P.  Seligminn,  and  D.  A.  Briotta,  "General-Purpose 
Mcaiurcment  Interface  for  Physics  Experiments,"  Comp.  in  Phys.,  59 
(NovemberyDecmber  1987). 


EduTech's  Interface  Kit 


John  Elberfeld 

EdiiTech.  Rochester,  NY  14609 


Many  leac^e^s  would  like  students  to  understand  that  computers  can  do  more  than 
Logo  programming  and  word  processing;  computers  are  valuable  tools  used  in 
industry  and  research.  But  how  can  a  student  with  a  strong  interest  in  computers 
learn  more  about  the  actual  circuits  and  electronics  that  make  computers  run? 
Some  teachers  feel  that  computer-literate  students  need  an  introduction  to  digital 
logic  and  integrated  circuits. 

To  help  teachers  and  students  gain  hands-on  experience  designing  and  con- 
structing interfacing  circuits,  EduTech  has  developed  the  Interface  Ki^  The  kit 
consists  of  a  sddcrless  breadboard  and  cable  that  attaches  to  the  Apple  II's  16-pin 
internal  game  port  Using  solderless  breadboards  rather  than  hot  and  dangerous 
soldering  guns  to  assemble  the  projects  saves  t;  .e  and  trouble,  and  means  that 
parts  can  be  used  an  unlimited  number  of  times.  Every  required  electronic  compo- 
nent, including  pholotransistors,  photoresistors,  thermistors,  capacitors,  resistors, 
LEDs,  potentiometers,  integrated  circuits  (ICs),  and  connecting  wires  is  included 
in  the  kit.  The  kit  introduces  digital  electronics  by  having  students  actually  wiie 
and  test  integrated  circuits  and  connect  these  circuit,  to  Apple  II  computers 
through  a  game-paddle  port.  The  IC  used  (7400)  is  used  to  demonstrate  AND,  OR, 
NOT,  YES,  NAND.  and  NOR  logic  gates.  These  logic  gates  are  the  basic  building 
blocks  of  even  the  most  complex  computer  circuits. 

The  Interface  Kit  contains  all  the  electrical  components,  software  progran>s, 
and  slep-by-step  instructions  needed  by  the  most  hesitant  iiovices.  The  mystery  of 
computer  interfacing  slowly  fades  away  as  students  work  through  the  exercises  in 
the  kit  It  provides  practical  programs  and  interfacing  circuits  to  measure  tempera- 
ture, relative  light  intensity,  and  extremely  precise  time  intervals.  Each  circuit  is 
explained  in  detail,  and  each  program  listing  is  explained  line  by  line. 

The  Interface  Kit  ^^as  originally  designed  for  teacher  workshops.  Teachers,  who 
preferred  to  work  at  their  own  rates,  required  a  detailed  manual  for  their  self-paced 
progress.  Although  the  fundamental  programs  were  listed  and  explained  in  the 
manual,  the  teachers  required  that  the  programs  also  be  included  on  a  disk  so  that 
valuable  woikshop  time  would  not  be  spent  on  typing  and  proofreading.  Teachers 
demanded  projects  that  were  practical  and  informative,  not  ju jt  flashy  or  amusing. 
Each  time  we  held  a  teacher  workshop  v,e  incorpoiated  suggestions  into  revision 
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and  expansion.  After  four  years  of  developm^  t,  we  introduced  the  kit  into  the 
classroom. 

Hic  circuits  in  this  kit  have  been  specially  adapted  to  work  on  all  current  Apple 
II  computers,  including  the  1!+.  He.  lie.  and  DOS.  All  programs  have  been  tested 
sucf^sfully  on  the  latest  LASER  128  and  on  other  compatibles.  The  modified 
game  ports  on  the  Apple  lie  and  the  LASER  eliminate  the  Annunciator  Output 
experiments. 


A  Gentle  Introduction  to  Apple 
Game-Port  Interfacing 

John  Elberfe  c 

EduTecK  Rocf  s-.cr,  NY  14609 


This  miniworkshop  designed  specifically  for  teachers  who  have  hesitated  to 
attend  other  technically  oriented  workshops,  but  who  want  a  hands-on.  low-pres- 
sure opportunity  to  create  sensors  and  to  understand  elementary  sensor-monitoring 
software.  No  computer  background  or  electronic  training  is  required. 

The  workshop  uses  \pp'e  game-port  interfacing  to  inU-oduce  computerized 
real-lime  data  acquisition.  Starting  with  the  location  of  the  Apple's  on-off  switch, 
the  workshop  moves  in  gradual  steps  until  participants  are  building  and  monitoring 
temperature,  light,  and  motion  detectors. 

All  activities  are  based  on  EduTech*s  Interface  Kit.  The  kit  consists  of  a  solder- 
less  breaat)oard  and  cable  that  attaches  to  the  Apple  irs  16-pin  internal  game  port. 
Every  required  elecyonic  component,  including  photou-'nsistors.  photoresistors. 
thermistors,  capacitors,  resistors.  LEDs.  potentiometers,  integrated  circuits  (ICs). 
and  connecting  wires  are  included  in  these  kits.  The  kits  evolved  over  a  four-year 
period  based  on  feedback  from  dozens  of  workshops  and  courses.  Each  computer 
work  station  will  be  supplied  with  an  Interface  Kit.  and  kits  will  be  offered  at  half 
price  ($35)  to  participants  at  the  end  of  the  workshop. 

The  workshop  is  designed  to  give  newcomers  a  feel  for  the  simplicity  of  game- 
port  interfacing,  an  overview  of  some  BASIC  programming  tricks  used  in  inter- 
face-monitoring programs,  the  confidence  to  pursue  other  interfacing  topics  in 
more  depth,  and  the  background  needed  to  evaluate  commercially  available  inter- 
facing equipment  Digital  inputs  and  analog  inputs  will  be  covered  in  depth  with 
several  examples  of  each  actually  created  and  tested  in  the  wor*:shop.  The  circuits 
created  in  the  workshop  are  identical  to  commercially  available  interfacing  equip- 
ment so  participants  will  come  to  unravel  the  mystery  of  the  magical  black  boxes. 
The  scope  of  the  workshop  will  be  determined  by  the  background  and  interest  of 
the  participants  and  the  time  allotted  to  the  course. 
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Interfacing  Physics  Experiments 
to  a  Personal  Computer 

John  W.  Snider  and  Joseph  Priest 

Department  cf  Physics,  Miami  University,  Oxford,  OH  45056 


The  laboratory  part  of  the  course  consists  of  two,  iwo-b'*'  *  activities  each  week. 
Students  complete  an  experiment  during  each  laboratory  pcnod.  A  manual  describ- 
ing each  experiment  has  been  prq)ared  for  student  use.  About  half  the  exercises  are 
devoted  to  analog  electronics  with  heavy  emphasis  on  the  use  of  operational  ampli- 
fiers for  taitoring  electronic  signals  for  the  input  to  an  ADC.  A  variety  of  transduc- 
ers are  introduced  throughout  the  course.  Experiments  include  the  design, 
construction,  and  evaluation  of  an  inverting  ampUfler,  a  noninverting  ^unplifier,  a 
two-stage  thermocouple  amplifier,  a  strain-gauge  amplifier  using  a  Wheatstone 
bridge,  a  current-to-voltagc  converter  using  a  photovoltaic  cell,  and  an  integrating 
amplifier  using  a  magnetometer. 

We  have  developed  software  to  assist  the  student  in  evaluating  experimental 
results  and  in  preparing  computer-generated  graphs. 

Interfacing  physics  experiments  to  the  computer  begins  with  building  and  test- 
ing an  8-bit  ADC  for  an  Apple  II  computer.  Students  can  use  this  converter  in  a 
variety  of  experiments  that  include  measuring  and  analyzing  the  angular  displace- 
ment-time spectrum  of  a  damped  i^ysical  pendulum,  constructing  and  evaluating  a 
thermistor  thermometer  and  temperature  controller,  measuring  and  analyzing  the 
large-amplitude  period  of  a  plane  physical  pendulum,  measur;ag  Planck's  constant, 
measiiring  the  characteristics  of  a  junction  r^nsistor,  measuring  and  analyzing  the 
intensity  distribution  in  a  single-slit  diffraction  pattern,  and  measuring  the  coeffi- 
cients of  static  and  kinetic  friction. 

In  most  experimz-nts  the  computer  is  used  to  record  data  from  the  experiment, 
to  compare  the  data  /ith  a  theoretical  expectation,  and  to  glean  some  meaningful 
physical  quantity  from  the  comparison.  For  example,  the  tiieorctical  formula  for 
the  intensity  distribution  in  a  single-slit  diffraction  pauem  is  fitted  to  the  experi- 
mental data.  Fmrn  the  fit,  the  student  obtains  the  w^dth  of  the  diffraction  slit,  which 
can  be  compared  with  an  independent  measurement 

Tlie  couri^e  capstone  is  an  interfacing  project.  Each  student  dcsisns  an 
experiment,  conctmcts  the  apparatus,  writes  and  tests  the  r>oftwarc  involved  in  per- 
forming the  experiment,  performs  the  experiment,  and  writes  a  report. 

Emphasis  en  doing  physics  with  the  interfacing  projects  and  using  the  computer 
as  an  analytical  instrument  are  rewarding  features  of  the  course.  Students  find  that 
the  course  prepares  them  well  for  futurt  physics  endeavors  whether  as  a  student  or 
in  the  work  force. 
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Laboratories  in  Sound  Analysis 
Using  Fast  Fourier  Transforms 

^;  Carl  R.  Nave 

DepoftmerU  of  Physics  and  Astronomy,  Georgia  State  University,  Atlanta,  GA  30303 

Darren  L  Bell 

Benjamin  E.  Mays  High  School,  Atlanta,  GA  30331 


Under  the  sponsorship  of  the  REAP^  program  during  the  summer  of  1987,  we 
developed  some  short  experiments  making  use  of  the  Apple  II  computer  for  sound 
analysis.  The  experiments  use  some  BASIC  routines  to  demonstrate  discrete 
Fourier  analysis  and  fast  Fourier  analysis  of  time-varying  signals.  The  main  pur- 
pose was  to  develop  convenient  routines  that  could  accept  data  from  a  VELA^  lab- 
oratory interface  by  analog-to-digital  conversion,  from  a  mathematical  formula, 
from  hand-entered  data,  or  from  a  text  file.  The  fast  Fourier  transform  routines  are 
based  on  some  machine-language  FFT  routines  supplied  to  us  by  Vasilis  Pagonis.^ 
The  VELA  is  capable  of  A/D  conversion  with  a  minimum  time  interval  of  30 
microseconds  and  produces  satisfactory  wave  forms  for  most  musical  instrument 
or  voice  sounds.  The  FFT  routine  developed  for  use  with  the  VELA  uses  an  acces- 
sory card  to  manage  the  transfer  of  data  from  the  memory  of  the  VELA  to  the 
Apple  He  memory.  Another  version  is  set  up  to  read  Apple  text  flies  in  the  format 
used  by  Vernier's  Graphical  Analysis  prpgram  so  that  the  FFT  program  can  ana- 
lyze data  that  has  been  collected  by  other  means.  A  third  version  was  conflgured  to 
pause  and  prompt  the  user  to  enter  BASIC  program  lines  either  in  the  form  of 
••read**  statements  for  direct  entry  of  numerical  data  oi  a  loop  to  evaluate  a  mathe- 
matical function. 

The  mulliwindow  display  for  the  discrete  Fourier  analysis  program  consists  of  a 
plot  of  the  original  wave  form  or  function,  a  bar  graph  of  the  Tirsi  ten  harmonic 
amplitudes,  a  plot  of  the  synthesized  wave  form  for  comparison,  and  a  scrollable 
list  of  the  numerical  values  for  the  harmonic  amplitudes.  Any  of  the  windows  can 
be  zoomed  to  flll  the  screen  and  dumped  to  an  Epson  printer  using  a  Grappler  earn. 
The  display  for  the  FFT  program  consists  of  a  plot  of  the  original  wave  form,  a  bar 
graph  of  ten  harmonic  amplitudes,  and  a  third  haif-screcn  window  to  display  a 
user-chosen  number  of  up  to  127  harmonic  amplitudes  in  bar-graph  form. 

During  the  past  year  we  have  used  the  routines  successfully  in  an  elementary 
acoustics  course,  an  electricity  and  magnetism  lab  on  Fourier  analysis,  and  a 
senior-level  acoustics  laboratory.  We  have  also  used  the  function  version  in  an 
optics  course  with  various  widths  of  single  pulses  to  show  that  the  Fourier  trans- 
form of  the  single  slit  produces  the  single-slit  diffraction  pattern.  We  will  show  the 
display  screens  and  examples  of  applications. 

1.  Research  an^  Engineering  Apprenticeship  Program,  Academy  of  Applied  Scien  c  for 
O         the  Army  Re    rch  Office,  I  Maple  Street,  Concord,  NH  03301 . 
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Z  Versatile  Uborttory  Aid  (VELA)  (TEL-Atomic,  Inc.,  P.O.  Box  924.  Jackson.  MI 
49204). 

3.  Vasilis  Pigonis,  Allegheny  College,  Physics  Department  Meadvillc.  PA  16335. 


Computerized  Experiments  in 
Physics  Instruction 

H»  M.  Staudenmaier 

IfUerfakuIUUives  InstUutfur  Anwendungen  der  Ir^ormatik  und  Fakukat  fur  Physik, 
UwversUdt  Karlsruhe,  Federal  Republic  of  Germany 


Two  computer-instruction  projects  have  been  installed  in  the  physics  department  of 
the  University  of  Kailsruhe.  The  first  is  a  computer-aided  instruction  laboratory 
(cail),i  and  the  second  is  the  integration  of  computerized  experiments  into  the  lab- 
oratory exercises  of  a  graduate  course. 

The  central  hardware  is  a  VAX-750  computer  with  various  peripheral  devices 
and  six  terminals  reserved  for  the  cail  participants.  We  use  the  camac  system  as 
an  interface  between  the  computer  and  experiments  because  of  its  modular  struc- 
tiue  and  its  ex  tensive  use  in  nuclear  and  high-enei^gy  physics. 

Computer-Aided  Instruction  Laboratory 

The  CAIL  was  started  to  familiarize  students  with  reai-time  applications  of  comput- 
ers in  physics  experiments.  The  caw-  offers  typical  topics  of  online  computing, 
including  data  collection,  data  reduction,  and  process  control;  but  these  are  com- 
bined with  physics  applications.  Students  carry  out  various  experiments  that  are 
connected  to  a  VAX  mini'^omputer.  The  cail  increases  students'  knowledge  both 
of  physics  and  (  omputer  science.  Experience  has  shown  that  a  knowledge  of  com- 
puter science  improves  job  prospects  for  physics  graduates. 

Students  lake  between  five  and  seven  hours  per  week  or  a  total  of  about  80 
hours  to  complete  the  cail.  The  cail  can  be  taken  as  an  optional  course  within  the 
physics  curriculum,  and  so  far  360  physics  students  have  passed  successfully. 

At  the  moment,  the  cail  consists  of  nine  experiments  or  exercises,  .^.udents 
start  with  exercises  that  concern  the  operating  system  of  the  computer.  'Jie  compil- 
er (mainly  FORTRAN  or  Pascal),  graphics,  and  two  simple  examples  of  data  col- 
lection in  assembly  language.  In  my  presentation,  I  will  present  three  of  the  online 
experiments  in  detail. 

Semiconductor  Characteristics.  With  th  help  of  the  computer,  students  mea- 
sure the  characteristics  of  various  semiconductor  elements  such  as  Si,  Ge,  tunnel, 
or  zener  diodes.  They  then  plot  the  current-voltage  characteristic  and  extract  the 
i^^'ameters  of  the  elements. 
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Sampling  of  Analog  Signals,  Methods  of  detection  and  analysis  of  noisy  signals 
are  important  tools  in  experimental  physics.  Students  sample  and  digitize  analog 
signals  of  different  sh^s  with  various  noise  components  using  a  fast  12-bit  A/D 
converter.  Students  repeatedly  sample  one  ?  .nal,  leading  to  a  data  file  with  about 
20,000  data  points.  They  then  analyze  this  tiie  with  various  methods  of  signal  pro- 
cessing, for  instance,  tests  of  the  sampling  theorem,  the  aliasing  eflfect,  or  cumula- 
tive averaging.  A  second  very  important  field  is  the  transformation  of  a  signal  irom 
the  time  domain  to  the  complex  frequency  domain.  Here,  students  use  the  date 
sampled  in  the  experiment  to  illustrate  Fourier  transform  (FT),  discrete  FT,  fast  FT, 
leakage  efTect,  convolution,  and  correlation. 

Elements  of  Picture  Processing.  Methods  of  picture  processing  have  been  used 
in  physics  for  a  long  time.  Pattern  recognition  has  been  the  most  effective  prcKc- 
dure  in  high-energy  physics  to  detect  new  particles.  In  this  experiment,  students 
digitize  video  pictures  with  a  specially  equipped  IBM  PC  and  then  transfer  the 
image  fie  to  the  VAX  computer.  Students  work  on  the  following  subjects  of  image 
processing:  gray-scale  histograms,  pseudocolors,  two-dimensional  Fourier  trans- 
form, pattern  recognition,  digital  filtering,  and  edge  sharpening.  Finally,  they  deter- 
mine the  fractal  (or  HausdorfQ  dimension  of  the  coastline  of  Great  Britain.  For  that 
purpose,  they  digitize  a  map  and  "survey"  with  a  software  "ruler"  of  variable 
length. 

Computerized  Experiments  in  Graduate 
Laboratory  Courses 

We  have  incorporated  two  compucrizcd  experiments  mto  the  regular  graduate  lab- 
oratory course.  The  idea  is  to  reduce  the  time  spent  for  data  collection  and  analysis 
so  that  students  can  measure  more  test  pieces  or  '^ore  interesting  effects.  The 
important  point  is  that  the  computer  remain  a  "black  box"  as  much  as  possible,  the 
emphasis  being  on  teaching  physics. 

Cosmic  Ray  Experiment.'^  In  physics  research  the  measurement  of  **singlc 
events"  is  already  a  common  method,  but  up  to  now  this  method  has  been  practical 
only  if  a  computer  interfaces  with  the  experiment.  The  cosmic-ray  experiment  is  an 
example  of  single-event  experiment  We  use  two  large  bars  of  scintillation  materi- 
al, 240  cm  long,  placed  above  each  other.  The  student  places  photo  multipliers  at 
both  ends  of  each  bar,  and  a  cosmic  particle  passing  through  generates  scintillation 
light  that  is  delected  in  the  photo  multipliers.  The  position  of  the  particle  is  deter- 
mined electronically  and  stored  in  the  computer  together  with  the  resulting  pulse 
height.  The  physical  objectives  aie  angular  and  energy  distribution  of  cosmic  rays, 
east-west  effect,  shower  generation,  etc.  Students  have  not  been  totally  positive 
about  this  experiment;  they  have  trouble  understanding  and  adjusting  the  electron- 
ics of  the  experiment. 

Heat  Capacity  Measurement?  The  measurement  of  heat  capacity  has  been  a 
traditional  experiment  of  this  laboratory.  The  experiment  was  computerized  to 
speed  up  the  measuring  procedure  and  analysis  of  the  data.  The  sampk ,  for 
instance,  copper,  is  placed  in  a  cryostat  and  the  specific  heat  is  measured  in  the 
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lemperaturc  range  80  to  300K.  The  sample  is  healed  by  a  resistance  heater  con- 
trolled by  the  computer  connected  to  the  apparatus.  An  important  feature  is  a  ther- 
mal shield  that  is  kept  at  the  same  temperature  as  the  sample;  the  shield*s 
temperature  is  controlled  with  a  PID  algorithm  implemented  in  the  computer.  The 
analysis  is  done  online  and  the  result  is  displayed  simultaneously  on  the  graphics 
terminal.  In  the  old  experiment^  students  measured  only  one  sample.  They  can  now 
measure  three  at  the  same  time,  for  instance,  cq)per,  lithium  fluorid,  and  potassi- 
umdihydrogenphosphate  (KDP).  KDP  is  very  interesting  material  since  a  ferroelec- 
tric phase  transition  can  be  observed  around  120K.  The  experiment  has  been  a  part 
of  the  laboratory  course  since  the  summer  of  1987  and  student  acceptance  is 
iinqualifled. 

1 .  H.  M.  Stoudcnmaier.  "Use  of  Computer  in  Science  Educaiioa"  J.  Phys.  3. 144  (1982). 

2.  S.  Bauer,  "Rcchnergekoppeliei  Veruch  zur  Messung  dor  Hoehcnsirahlung/' 
Diplomarbcil,  Univcrsilill  Karlsruhe  (1986). 

3.  G.  Mayer,  "Apparaiur  zur  Automatischen  Messung  dor  Spezifischen  Wacrmc  von 
Feslkocipcm,"  Diplomarbeit,  Universiiat  Karlsruhe  (1987). 


Popcorn,  Nuclear  Decay,  and 
Counting  Statistics  Using  an  MBL 

Priscilla  Laws  and  John  Luetzelschwab 

Department  cf  Physics  and  Astronomy,  Dickinson  College,  Carlisle,  PA  17013 


Courses  in  ihc  Workshop  Physics  Project  at  Dickinson  College  replace,  formal  lec- 
tures with  student  observations  and  experiments  enhanced  by  computer-based  mea- 
surements, data  analysis,  graphing,  and  numerical  problem-solving.  This  workshop 
introduces  materials  developed  by  the  project  to  facilitate  teaching  of  high  school 
and  college-level  introductory  physics. 

In  this  workshop,  each  participant  will  use  a  Macintosh  computer  equipped 
with  a  sCTial  interface  and  two  transducers — the  Geiger  tube  and  a  small  micro- 
phone— to  explore  n'iclear  and  popcorn  decay  phenomena.  The  statistics  of  repeat- 
ed counting  of  a  long-lived  source  will  be  investigated  for  a  low  average  number  of 
counts  and  a  high  average  number  of  counts  per  interval,  of  counting  lime, 
Co^  uter  software  capable  of  generating  a  real-time  histogram  of  frequency  of 
occurrence  vs.  number  of  counts  per  interval  will  used  to  observe  the  develop- 
ment of  both  the  Poisson  and  the  Gaussian  distributions  in  real  time. 

If  time  permits,  participants  will  conduct  repeated  measurements  on  a  mechani- 
cal system  that  can  be  characterized  by  a  Gaussian  distribution.  In  this  case, 
Microsoft  Works  spreadsheet  and  Cricket  Graph  software  will  be  used  to  analyze 
and  display  the  data. 
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The  workshq;)  will  conclude  with  a  discussion  of  how  counting  statistics  can  be 
used  at  the  beginning  of  an  intnxluctory  physics  course  to  help  students  obtain  an 
UTuerstanding  of  the  nature  of  statistical  uncertainties  that  are  an  inevitable  part  of 
all  quantitative  physics  experiments.  Interested  participants  will  be  given  informa- 
ti(Hi  on  how  th  *.  software  and  hardware  might  be  implemented  on  Apple  II  or  IBM 
PC  computers  by  those  with  the  requisite  technical  skills  in  interfacing  and  soft- 
ware design. 

The  Workshop  Physics  Project  was  funded  by  a  grant  from  the  U.S.  Department  of 
Education  Fund  for  Improvement  of  Postsecondaiy  Education. 


Visual  Photogate  Timing  and 
Graphical  Data  Analysis 

Priscilla  Laws  and  John  Luetzelschwab 

Departmeni  of  Physics  and  Astronomy,  Dickinson  College,  Carlisle,  PA  170  J  3 


Courses  in  the  Woricshop  Physics  Project  at  Dickinson  College,  replace  formal  ec- 
tures  with  student  observations  and  experiments  enhanced  by  computer-based  r/)ea- 
surem'^nls,  data  analysis,  gn^hing,  and  numerical  problem  solving.  This  workshop 
introduces  materials  developed  by  the  project  to  facilitate  teaching  of  high  school 
and  college-level  inu^oductory  physics. 

Microcomputer-based  photogate  timing  systems  have  been  available  for  more 
than  five  years  from  several  leading  scientific  supply  companies.  Sonic  of  these 
hardware  and  software  packages  are  oriented  toward  sp<cific  standard  experi- 
ments. In  some  cases  students  merely  need  to  drop  an  object  and  press  "return"  on 
a  computer  keyboard,  and  the  computer  system  then  takes  over  to  deliver  a  printout 
of  data  that  has  been  analyzed  and  graphed.  Participants  in  this  workshop  will 
explore  appropriate  and  inappropriate  ways  to  use  microcomputer-based  photo- 
gates  as  tools  for  physics  education. 

Each  participant  will  use  a  Macintosh  computer  equipped  with  a  serial  inter- 
face. A  photogate  consisting  of  a  phototransistor  and  an  infrared  LED  will  be  used 
to  explore  linear  and  rotational  motion.  The  hardwai-e  will  be  used  in  conjunction 
with  highly  flexible,  pedagogically  oriented  software  developed  jointly  by 
Dickinson  College  and  Technical  Education  Resourois  Centers.  Students  can  use 
the  software  to  obtain  a  strip  chart  style  of  display  tliat  shows  when  the  photogate 
is  blocked  and  when  it  is  unblocked.  This  display  invites  the  use  of  operational 
definitions  of  position,  velocity,  and  acceleration  to  analyze  motion  data. 
Woricshop  participants  will  analyze  and  display  trial  free-fall  observations  using 
the  Microsoft  Works  spreadsheet  and  Cricket  Graph  software. 

The  workshop  will  conclude  with  a  discussion  of  why  it  is  important  for  novice 
O     students  to  use  operational  definitions  for  all  physical  quantities  in  preference  to 
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the  more  abstiact  but  ultiinately  more  powerful  paraphrase  definitions  usually  pre- 
sented in  introductory  textbooks.' 

The  Workshop  Physics  Project  was  funded  by  i  grant  from  the  U.S.  Department  of 
Education  Fund  for  Improvement  of  Postsecondary  Education. 

1.  R.  Kaiplus,  "Educational  Aspects  of  the  Structure  of  Physics/*  Am.  J.  Phys.  49,  238 
(1981). 


Linearization  of  Real  Data 


Priscilla  Laws  and  John  Luetzei&chwsb 

Department  of  Pkyrics  and  Astronomy,  Dickinson  College,  Carlisle,  PA  1 7013 


Courses  in  the  Workshop  Physics  Project  at  Dickinson  College,  replace  formal  lec- 
tures ivith  student  observations  and  experiments  enhanced  by  computer-based  mea- 
surements, data  analysis,  graphing,  and  numerical  problem  solving.  This  woiicshop 
intnxluces  materials  developed  by  the  project  to  facilitate  teaching  of  high  school 
and  college-level  introductory  physics. 

Aside  from  the  rather  shallow  process  of  memorizing  equations,  there  are  sev- 
eral ways  that  suidents  can  know  something  about  a  functional  relationship  in 
physics:  they  can  employ  qualitative  reasoning  based  on  some  general  principles 
that  they  are  already  familiar  with,  they  can  derive  a  relationship  mathenuuicaliy 
using  physical  laws  and  defmiUons,  and  they  can  take  actual  measurements  and 
attempt  to  linearize  the  data  to  determine  an  empirical  relationship. 

The  goal  of  this  woricshop  is  to  give  the  participants  some  hands-on  experience 
in  collecting  and  linearizing  diiTerent  types  of  data  sets.  It  will  also  give  partici- 
pants some  insight  into  the  difliculties  students  typically  have  with  the  concept  of 
linearization.  Participants  will  use  low-cost  apparatus  along  with  the  Microsoft 
Works  spreadsheet  and  Cricket  Graph  software  to  measure,  graph,  and  linearize 
several  different  functional  relationships  quickly  and  easily.  These  relationships 
include:  the  sliding  friction  force  as  a  function  of  the  mass  of  a  block,  the  Ume  of 
fall  of  a  ball  as  a  function  of  the  distance  through  which  it  falls,  and  the  flux  of  par- 
allel nails  through  a  loop  (representing  an  electric,  magnetic,  or  gravitational  field) 
as  a  fun  *  >n  of  the  angle  between  the  nails  and  the  normal  to  the  loop. 

The  jrkshop  will  conclude  with  a  discussion  of  some  software  packages  that 
can  be  used  with  IBM  PCs  or  Apple  Il^senes  machines  to  perform  similar  analy- 
ses. 


The  Workshop  Physics  Project  was  funded  by  a  gram  from  the  U.S.  Department  of 
^  Education  Fund  for  Improvement  of  Postsecondary  Education. 
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Coupling  Numerical  Integration 
with  Real  Experience 


Priscilla  Uws  and  John  Luetzelschwab 

DqHtrtmentcfPhysics  and  Astronomy,  Dickinson  College,  Carlisle,  PA  17013 


Courses  in  the  Workshq>  Physics  Project  at  Dickinson  Cbllegc,  replace  formal  lec- 
tures with  student  observations  and  experiments  enhance  by  computer-based  mea- 
surements«  data  analysis,  graphing,  and  numerical  problem  solving.  This  workshop 
introduces  materials  developed  by  the  project  to  facilitate  teaching  of  high  school 
and  coUege-level  ir  .uductory  physics. 

Although  student"*  learn  how  to  integrate  a  number  of  the  standard  closed-form 
functions  prevalent  in  physics  equations,  they  have  a  great  deal  of  difTiculty  under- 
standing the  physical  meaning  of  the  integral  expressions  typically  found  in  calcu- 
lus-based introductory  physics  courses. 

Participants  in  this  workshop  will  measure  quantities  associated  with  several 
simple  physical  systems  and  enter  these  quantities  into  a  Microsoft  Works  spread- 
sheet in  a  manner  that  lends  itself  to  numerical  integration  using  a  flnite  sum.  In 
addition.  Cricket  Graph  software  will  be  used  to  display  the  data  graphically.  We 
will  consider  three  physical  systems  for  which  both  analytic  and  numerical  integra- 
tion techniques  can  be  used:  the  work  done  as  a  function  of  the  displacement 
resulting  from  a  force  applied  to  a  spring,  the  area  under  a  P-V  curve  for  a  thermo- 
dynamic system,  and  the  potential  as  a  function  of  distance  from  a  continuous 
charge  distribution. 

The  woricshop  will  conclude  with  a  discussion  of  other  physical  systems  that 
might  be  used  as  opportunities  to  verify  the  physical  significance  of  solving  a 
closed  form  integral  by  using  a  finm  sum  of  real  data. 

The  Workshop  Physics  Project  was  funded  by  a  gram  from  ihe  U.S.  Deparimeni  of 
Education  Fund  for  improvcmcnl  of  Poslsccondary  Education. 
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Coupling  Simulations  with 
rCeai  Experience 

Priscilla  W.  Laws 

Department  cf  Physics  and  Astronomy,  Dickinson  College,  Carlisle,  PA  1 7013 


Courses  in  the  Workshop  Physics  Project  at  Dickinson  College,  xplace  foimal  Icc- 
uuts  with  student  observations  and  experiments  enhanced  by  computer-based  mca- 
surements*  data  analysis,  graphing,  and  numerical  problem  solving.  This  workshop 
introduces  materials  developed  by  the  project  to  facilitate  teaching  of  high  school 
and  coUege-Ievel  Litroductory  physics. 

Physics  is  an  experimental  science,  and  a  primary  focus  of  the  Workshop 
Physics  Project  is  to  use  direct  hands-on  engagement  with  real  physical  phenome- 
na as  a  way  of  helping  students  learn  about  the  process  of  doing  physics.  The  pro- 
ject is  strongly  opposed  to  the  use  of  computer  simulations  as  a  substitute  for  real 
experience  for  two  reasons.  First,  sUidents  have  grown  up  with  simulations  in  the 
form  of  video  games  and  cartoons  that  systematically  violate  the  laws  of  physics. 
3econd,  simulations  do  not  teach  students  to  appreciate  the  real  difTiculties  inher- 
ent in  rrducing  real  observations  about  the  natural  world  to  theoretical  idealiza- 
tions. 

However,  simulations  can  be  very  powerful  aids  to  observation  and  reasoning 
when  coupled  with  real  experience.  P^cipants  in  this  workshop  will  use  three 
computer  simulations  av^lable  for  the  Macintosh  computer  in  conjunction  with 
real  a^*paratfis  to  explore  physical  systems.  These  sample  simulations  include: 
Graphs  and  Tracks,  developed  by  David  Trowbridge  at  the  University  of 
Washington  mi  Carnegie  Mellon,  a  spreadsheet-based  relaxation  method  solutios) 
of  Laplace*s  equation  for  mapping  the  potential  difference  ir.  the  space  between 
two  line  electrodes,  and  Coulomb,  developed  by  Bias  Cabrera  at  Stanford 
University,  for  displaying  the  electric  field  lines  in  two  dimensions  from  charges 
lying  in  a  plane 

The  woikshop  will  conclude  with  a  discussion  of  other  physical  systems  that 
might  be  co'.iried  productively  with  computer  simulations  to  consolidate  siudcnt 
understanding  of  various  phenomena. 

The  Work:h:-p  Physics  Project  was  funded  by  a  gram  from  ihc  U.S.  Department  of 
Education  Fund  for  Improvement  of  Postsccondary  Education. 


244 


Computers  in  the  Physics  Laboratory 


VideoGraph:  A  New  Way  to  Study 
Kinema'^ics 

Robert  J.  Baichner 

CmiUrfor  Leanting  and  Technology,  State  UmversUy  rfl^ew  York  at  Buffalo,  Buffalo- 
NY14260 

Michael  J.  DeMarco,  David  J.  Ettestad,  and  Edward  Gleason 

Physics  Department,  State  UmversUy  of  New  York,  College  at  Buffalo,  Buffalo,  NY  14222 

The  VideoGraph  software  package  provides  students  with  a  new  way  of  taking 
data  on  the  motion  of  objects.^  Tugeted  for  any  introductory  high  schr  or  col- 
lege-level physics  course,  this  software  not  only  makes  it  easier  and  fa  /to  col- 
lect motion  data,  but  also  helps  students  make  the  cognitive  link  between  the 
physical  e  em  and  the  mathematical  graph  repiesenting  it 

Students  begin  by  videot^ing  an  int-jrcsiing  motion.  This  motion  could  be 
something  like  the  collision  of  air-  vack  carts  or  the  oscillation  of  a  mass  on  a 
spring.  It  couM  also  be  a  "real-world*"  landing  of  a  jet  airplane  or  the  acceleration 
of  an  automobile.  Sndents  use  a  tripod-mounted  videocamcra  to  record  the  motion 
of  the  object  as  it  moves  across  the  field  of  view.  These  images  are  played  back 
one  at  a  time  on  a  single-frame-advancing  videocassctte  recorder.  As  the  images 
are  displayed  by  the  VCR,  they  arc  digitized  and  sent  into  a  Macintosh  microcom- 
puter and  stored  as  "MacPaint**  documents.  We  use  Pixelogic's  MacViz  inierf^ice  to 
Jo  this,  although  others  will  wo  ic. 

To  run  the  VidtoGn  oflwarc,  the  students  select  the  "Open**  choice  under 
the  'Tile**  menu  and  load  ^  ;  video  frames  into  the  computer  By  making  the  prop- 
er selections  finom  the  "Set-up**  menu,  they  select  an  origin  of  coordinates,  ca  ibraie 
the  image  (by  selecting  an  object  of  known  size  from  a  frame  and  then  entering  its 
siz*5  and  units  of  measure),  and  m?rk  a  point  of  interest  on  each  frame.  This  last 
task  is  usually  very  time  consuming  during  traditional  labs,  because  it  involves 
measuring  extremely  small  dots  on  a  photograph. 

The  VideoGraph  software  presents  each  frame  individually.  Tlie  student  moves 
a  mouse-controlled  cursor  untU  it  is  on  a  readily  discernible  part  of  the  movmg 
object  Clicking  the  mouse  button  records  the  position  of  that  point  and  ^.utomaii- 
cally  advances  to  the  next  frame.  T^ Js  process  continues  until  a!>  frames  have  been 
marked  It  generally  takes  fewer  than  two  seconds  per  frame. 

Now  Ac  suident  selects  a  graph  from  the  "Windows**  menu.  For  example,  if  the 
student  selects  the  "X-PoMtion**  graph,  the  software  opens  a  new  window  and 
draws  enpropriate  axes.  Selecting  "Animate**  under  the  "View**  menu  then  pro- 
duces a  movie  showing  the  object  as  it  goes  across  the  screen.  Ai  the  same  time, 
the  software  generates  a  graph  of  the  object's  position  along  the  x  direction.  It  can 
also  imducc  graphs  of  position,  speed,  and  acceleration  for  both  x  and  y  dLcctions 
Q    or  can  displa/  a  list  of  coordinates  for  the  graph. 
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We  are  currently  conducting  a  thorough  evaluation  of  the  effectiveness  of  the 
software.^  The  research  design  permits  us  to  comoare  the  VideoGraph  technique 
with  the  more  traditional  stroboscopic  method  of  gathering  motion  data.  We  will 
also  be  able  to  see  if  viewing  an  object  moving  on  the  screen  reduces  the  need  for 
students  actually  to  produce  the  motion.  We  certainly  do  not  want  to  imply  that 
using  the  software  will  completely  remove  the  requirement  for  hands-on  experi- 
mentction.  But  if  students  need  not  be  involved  in  producing  every  motion,  they 
could  be  assigned  a  series  of  previously  produced  motions  for  thorough  analysis. 
This  could  be  done  as  homework  assigiiments  or  as  pan  of  laboratory  exercises. 
Using  VideoGraph  will  thus  allow  students  to  examine  a  broader  variety  of 
motions,  both  those  they  produce  and  those  produced  by  others. 

Since  this  technique  of  gathering  data  will  work  for  a  wide  range  of  motions, 
we  are  developing  an  entire  series  of  laboratory  exercises  using  the  VideoGraph 
package.^  We  are  also  designing  supplementary  software  to  allow  students  to 
"build"  motion  graphs  by  selecting  line  segments  from  a  palette  of  choices. 
Distance,  speed,  and  acceleration  gr^hs  will  be  linked  so  that  adding  a  segment  to 
one  graph  will  automatically  update  the  other  two.  Student  creation  of  a  simple 
object  that  moves  according  to  the  kinematics  graphs  will  lead  students  from  graph 
to  motion.  We  hope  this  will  complement  the  current  VideoGraph  software,  which 
goes  from  motion  to  graph. 

ThcVideoGraph  project  was  partially  supported  by  the  National  Science  Foundation  (grant 
no.  CSI8750443).  Mainstay,  Inc.  donated  their  software  development  enviro'^ment,  V.I.P. 

1.  The  VideoGraph  software  is  available  from  the  Center  for  Learning  and  Technology 
The  current  version  requires  at  least  two  megabytes  of  memory  in  order  to  work  with  a 
reasonable  number  of  images.  The  animation  is  smoothest  on  a  Macintosh  II. 

2.  The  development  and  evaluation  of  the  VideoGraph  software  is  bL'ing  done  as  part  of 
Mr.  Beichncr's  Ph.D.  dissertation  in  science  education  at  SUNY  Buffalo.  Statistical 
results  of  the  research  wiU  be  available  at  the  conference. 

3.  This  curriculum  package  will  be  made  available  by  the  department  of  physics  at  the 
SUNY  College  at  Buffalo.  Titles  of  the  labs  include:  "Measurement  and  Error," 
"Vectors/*  "Acceleration/'  "Free  Fall,"  "Projectiles,"  "Harmonic  Motion,"  "Work," 
"Linear  Collisions,"  *Two-Dimensional  Collisions,"  and  "Angular  Momentum." 


Computer  Analysis  of  Physics  Lab 
Data 


John  Elberfeld 

EduTech,  Rochester,  NY  14609 


Comp  rizcd  data-acquisiiion  devices  ».dn  now  rccorJ  more  data  m  a  few  seconds 
than  students  can  analyze  in  a  semester  using  standard  techniques.  Fortunately,  the 
computer  al.so  provides  students  with  the  power  and  speed  to  di.scover  patterns  and 
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find  relationships  in  Ihc  masses  of  data  they  record.  This  miniworkshop  introduces 
participants  to  computerized  data  analysis  of  information  recorded  in  physics  labs. 
No  knowledge  of  computers,  programming,  or  statistics  is  required  or  expected. 

All  activities  are  based  on  EduTech's  Data  AnalysiSy  a  versatile  but  straightfor- 
ward program  designed  to  help  high  school  students  process  data  recorded  in  labs. 
Data  may  be  entered  from  the  keyboard  or  read  off  disks  used  by  EduTcch's  game- 
port  interfacing  programs.  Students  interact  with  various  least-squares  curve-fitting 
routines  to  determine  !he  "best"  relationship  between  two  variables.  Options  are 
included  for  the  study  of  polynomial,  exponential,  and  logarithmic  relationships. 
The  program  gives  the  students  the  ability  to  test  hypotheses  by  predicting  the 
dependent  variable's  value  based  on  entered  values  for  the  independent  'ariablc 
and  on  the  equation  selected  by  the  student  as  the  best. 

Data  Analysis  brings  sophisticated  mathematical  techniques  to  *  .is  from 
the  junicw  high  level  on  up,  making  complex  analysis  as  accessible  as  graphing. 

Data  Analysis  provides  a  time-efficient  alternative  to  traditional  methods  of 
graphing  and  analysis.  Once  students  have  teamed  the  techniques  of  hand  analysis, 
they  can  use  Data  Analysis  to  do  more  testing  and  graphing  on  other  experimental 
data.  This  allows  them  to  explore  relationships  between  variables,  form  a  hypothe- 
sis as  to  the  best  relationship,  and  lest  it 

In  Data  Analysis,  students  enter  x  and  y  values  *nio  the  program  on  a  keyboard. 
The  program  plots  y  against  x  and  can  fit  a  variety  of  siudcnt-sclcclcd  curves  to  the 
data.  Students  can  save  and  recall  data  from  data  disks.  Polynomial,  cxponcnual, 
and  log  curves  can  be  fit  to  the  data.  Graphical  and  numerical  results  can  be  printed 
out  on  most  dot-matrix  printers. 

Data  Analysis  runs  on  the  Appic  II  family  of  computers  and  Apple  Il-compaii- 
ble  computers.  A  single  disk  drive  is  required.  A  second  disk  dnve  and  graphics- 
capable  printer  arc  helpful  options.  The  software  package  comes  complete  with 
extensive  manual  and  back-up  d'sk. 


IEEE-488  Interface  for  a  Voltage 
Power  Source  and  an  Analog 
Multiplex  Unit  in  a 
Microconnputer-Based 
Undergraduate  Laboratory 

C  W.  Fischer  and  P.  Sawatzky 

Physics  Department,  University  ofGuelph,  Guelph,  Ontario  NIG  2>V1,  Canada 

Although  undergraduates  are  increasingly  using  microcomputers  in  the  laboratory 
to  control  experiments  and  collect  data,^  the  instructor  must  be  careful  to  choo.se 
the  proper  degree  of  computer  interaction.  Students  must  not  become  so  enamored 
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with  operating  ihc  computer  that  they  fail  to  understand  the  physics  of  the  experi- 
ment 

This  paper  describes  the  microcomputer  system  and  peripherals  needed  for  a 
pedagogically  sound  data-collection  and  experiment-control  system.  Our  system 
incoqjorates  an  IBM  PC  equipped  with  an  IEEE-488  data  bus.  We  describe  in 
detail  the  interface  of  a  programmable  voltage  source  and  an  MUX  (time  division 
analog  multiplex  unit).  These  units  plus  a  standard  DVM  permit  "computerization" 
of  mo5t  of  the  experiments  required  of  students  in  our  junior  undergraduate  labora- 
tory. V^hile  satisfying  our  primary  objective  of  introducing  modem  tools  and  tech- 
niques to  the  undergraduate  laboratory,  our  system  ensures  that  the  computer  and 
its  peripherals  are  as  easy  to  use  as  other  standard  laboratory  tools. 

We  assume  that  the  students  h.ave  familiarity  with  a  programming  language 
such  as  BASIC,  Pascal,  or  FORTRAN,  and  we  provide  them  with  the  elementary 
sulroutines  needed  to  control  bus  activity.  Since  vhese  subroutines  are  specific  to 
the  type  of  plug-in  board  chosen  for  the  PC,  they  arc  not  described  here. 

The  woric  station  is  a  portable  de-  carrying  a  PC  equipped  with  a  plug-in  board 
interfacing  the  PC  data  bus  to  an  IEEE-488  jx)rt  These  boards  are  commercially 
available  or  can  be  constructed  from  reports  in  the  literature.^  The  work  station 
also  carries  a  4  1/2  digit  DVM  fitted  with  a  IEEE-488  port  The  student  uses  the 
DVM  initially  to  test  the  experiment  and  later  to  measure  voltages  presented  to  the 
MUX.  Because  a  single  DVM  may  be  used  to  read  various  voltages  (eight  in  our 
case),  the  use  of  the  MUX  reduces  system  cost  considerably.  We  have  used  the  pro- 
grammable power  supply  to  control  oscillator  frequency,  output  of  low-frequency 
wave  forms,  and  DC  voltages. 

The  MUX  and  programmable  voltage  source  have  features  important  for  stu- 
dent use.  We  designed  \hz  MUX  and  programmable  power  supply  so  that  the  stu- 
dent can  manually  simulate  the  action  of  the  computer  during  an  experiment.  This 
aspect  is  essential  because  it  allows  the  student  to  separate  the  computer  and  its 
software  from  the  physics.  The  DVM  cc  .Id  be  replaced  by  an  ADC  to  save  cost, 
but  then  the  student  would  not  be  able  to  use  the  DVM  to  test  the  experiment 
before  relinquishing  control  to  the  computer.  The  DVM  is  also  used  during  data 
collection  to  provide  a  visual  check  on  the  data. 

The  IEEE-488  interface  is  a  16-line  digital  bus  that  permits  parallel  transfer  of 
data  and  commands  between  instrumer.is.  Eight  of  the  16  lines  arc  devoted  to  the 
intcrcharige  of  data  and  commands,  five  are  interface  man^^cment  lines,  and  the 
remaining  three  are  hand-shating  lines.  Each  device  connected  to  the  data  bus  has 
a  unique  address.  These  devices  may  be  configured  as  talkers,  listeners,  or  con- 
trollers. The  MUX  and  power  supply  are  listeners  only;  the  DVM  is  a  talker  or  lis- 
tener; and  the  PC  functions  as  a  talker,  listener,  and  controller. 

The  heart  of  the  MUX  interface  is  an  8-to-l  analog  switch  based  on  Bi-FBT 
technology.  An  analog  signal  in  the  range  of  ±  30  volts  presented  to  an  address .  J 
input  channel  appears  at  the  output.  Th^  selected  channel  is  indicated  by  a  seven- 
segment  display.  The  user  may  override  the  computer  and  manually  scicct  an  MUX 
channel.  Durng  the  setup  and  testing  phase  of  the  experiment,  the  ability  to  select 
the  addressed  channel  manually  is  useful. 
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The  heart  of  the  IEEE-488  power  supply  interface  i-;  the  12-bit  DAC.  The  DAC 
accepts  data  over  the  bus  after  the  interface  has  been  addressed  to  listen.  After  the 
proper  address  is  received,  a  comparator  outputs  a  true  signal  and  sets  the  NRFD 
(not  ready  for  data)  hand-shaking  line  false,  i.e.,  interface  ready  to  receive.  The 
controller  places  the  f  rst  data  byte  (8  MSB)  or.  the  bus.  This  byte  is  latched  and 
presented  to  the  DAC.  The  controller  is  then  signaled  to  send  the  second  byte  con- 
taining the  4  LSB  ihat  are  also  latched.  Following  the  second  byte  the  interface  is 
again  ready  to  receive,  or  it  may  be  placed  in  the  idle  state  by  having  the  controller 
issue  the  unlisted  conunand.  A  complete  schematic  in  ACAD  format  is  available 
from  the  authors  upon  receipt  of  a  DOS  j  .X  formatted  disk. 

1.  D.  A.  Briotta,  P.  F.  Sellgman,  P.  A.  Smith,  and  C.  D.  Spencer,  'The  Appropriate  Use  of 
Microcomputers  in  Undergraduate  Physics  Labs,"  Am.  J.  Phys.  55,  891  (1987). 

2.  B  Hall,  "Programmable  Laboratory  Interface  to  the  IEEE-488  Bus,"  Rev.  Sci.Insir.  57 
695  (1986). 


21X  Microcomputer-Based 
Logger 

Boris  Starobinets 

Depwtmeni  of  Geophysics  and  Planetary  Sciences.  Tel  Aviv  University.  Ramat-Aviv  69978. 
Israel 


It  is  not  easy  to  find  sophisticated  microcomputer-based  instruments  that  interface 
readily  with  a  wide  variety  of  external  devices  and  arc  also  easy  to  use.  The  21X 
micrologger  (Campbell  Scientific)  combines  both  these  features. 

The  microcomputer-based,  battery-operated  21 X  logger  was  designed  to  mea- 
sure, collect,  and  record  meteorological  data  (wind  direction  and  speed,  tempera- 
ture, air  pressure,  and  humidity).  This  miniature  precision  instrument  inputs  data 
from  the  sensors,  processes  the  information,  and  stores  this  processed  data  in  its 
memory  to  be  read  later  using  a  cassette  recorder,  a  printer,  or  a  remote  computer. 

But  the  21X  is  far  more  than  a  simple  sampling  logger  that  does  no  more  than 
periodically  sample  and  record  inputs.  The  21X  has  programming  capabilities  that 
can  convert  it  to  a  very  useful,  general-purpose  instrument  for  measurement,  con- 
trol, and  interface.  The  16-digit  keyboard  on  the  21 X  panel  is  used  to  enter  pro- 
grams and  commands.  A  serial  I/O  connector  connects  the  21 X  to  the  printer,  and 
can  also  be  used  for  remote  programming  or  data  transfer  through  a  RS232  inter- 
face. 

The  panel  has  two  terminal  strips.  The  upper  strip  connects  analog  inputs.  On 
the  lower  terminal  strip,  the  first  four  numbered  terminals  are  the  switched  excita- 
tion channels,  which  provide  precisely  regulated  excitation  voltages  for  bridge 
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measurements.  Two  constant  analog  output  channels  can  provide  analog  output 
voltage  under  the  program  control  to  be  used,  fot'  example,  with  x-y  plotters,  and 
strip  charts.  These  outputs  are  very  helpful  for  constructing  proportional  con- 
trollers, automatic  curve  tracers,  and  calibrators,  etc.  The  six  digital  conUrol  ports 
can  be  set  to  either  0  or  5  volts,  liius,  the  21 X  can  be  used  to  control  external 
devices  such  as  stepmotois  or  relays.  The  four-pulse  count  inputs  can  be  used  as 
pulse  counters. 

The  21X's  almost  100  instructions  are  divided  into  four  categories:  (1) 
input/ou^Mit  instructions  are  used  to  make  rr  asurements  and  store  the  readings  in 
input  loca^'ons,  transfer  the  content  of  these  input  locations  to  analog  outputs,  or  *jo 
initiate  digital  output  ports;  (2)  processing  instructions  perform  numerical  opera- 
tions on  data;  (3)  output  processing  instructions  use  data  from  input  locations  to 
generate  time  or  eveiit  dependent  values  that  are  stored  in  the  fmal  storage.  Data 
from  final  storage  can  be  uansferred  fo  remote  <^ompuier;  and  (4)  program  control 
instructions  conUrol  the  sequence  of  execution. 

Using  these  helpful  features  of  the  21 X  logger,  wc  have  built  an  automatic  sun 
photometer.  The  sun  photometer  tracks  ti»e  sun  and  measures  the  spectrum  of  the 
solar  radiation  in  the  visible  region.  Tracking  is  carried  out  with  the  help  of  the 
quadrant  detector.  An  error  signal  arises  when  the  image  of  the  sun  shifts  out  from 
the  center  of  quadrant  photodetector.  The  21 X  processes  these  signals  and  uses 
them  to  control  two  step-motors,  which  correct  the  position  of  the  sun  photometer. 
The  2 IX  simultaneously  checks  the  position  of  the  filter  wheel  (a  wheel  on  which 
are  fixed  seven  narrow-band  interference  filters).  The  21 X  measures  the  solar  radi- 
ation at  the  instant  that  the  corresponding  filter  is  positioned  exactly  over  measure- 
ment sensor. 

Any  physics  teacher  working  wiin  the  21 X  will  appreciate  this  remarkable 
microprocessor-based  measurement  and  processing  tool. 


Using  Vernier's  Graphical 
Analysis  in  Physics  Labs 

Betty  P.  Preece 

Melbow^  High  School,  Melbourne,  FL  32901 


Participants  will  explore  various  ways  to  use  Vernier's  Graphical  Analysis  pro- 
gram with  data  from  physics  labs.  Using  actual  d'^^a  from  a  lab  on  the  period  of  a 
simple  pendulum,  wc  will  use  Graphical  Analysis  to  analyze  and  plot  graphs  so 
that  we  can  search  for  possible  relationships  such  as  direct  Imear,  to  the  second  or 
to  the  one-half  power,  or  independent  We  will  search  both  on  screen  and  on  hard 
copy.  We  will  use  data  from  demonstrations,  lab  group,  and  individual  analyses. 
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i  will  also  discuss  applicaticns  of  this  Graphical  Attalysis  to  rectilinear  motion 
and  to  centripetal  motion  labs.  I  have  successfully  carried  out  computer  analysis  of 
these  labs  in  my  physics  lab  even  when  only  one  Apple  lie  and  printer  has  been 
available  for  a  class  of  30.  Even  teachers  of  physics  with  limited  experience  in 
computers  and  physics  can  use  Graphical  Analysis.  The  software  enables  students 
to  see  relationships  that  are  often  obscured  by  the  time-consuming  plotting  of  data 
by  hand. 


ASYST,  a  Tool  for  Physicists 


J.  D.  Thompson 

Department  of  Physics,  Augustana  College,  Sioux  Falls,  SD  57197 


The  use  of  computers  has  revolutioncd  the  teachiiig  of  physics.  The  computer  now 
serves  as  a  powerful  tool  both  in  the  laboratory  and  in  the  classroom.  Part  of  the 
progress  in  usm  computers  is  due  to  powerful  computer  programs  like  ASYST.^ 

ASYST  is  an  integrated  package  of  modules  that  support  data  collection,  data 
analysis,  cur^'c  fitting,  and  graphical  presentation  of  results.  The  i45K5r  package  is 
versaUIe,  k  venient  to  use,  fast  enough  to  be  useful  for  the  laboratory,  and  also 
useful  in  the  classroom,  e.g.  for  displaying  curves,  wave  form  synthesis,  fast 
Fourier  transforms,  inverse  transforms,  and  various  other  mathematical  operations. 
The  ^joi&m  comes  complete  with  several  udhties  ihat  facilitate  program  and  file 
preparation  and  management,  including  a  text  editor 

ASYST  is  a  stack-oriented  package  similar  in  use  to  FORTH  language  and  the 
reverse  Polish  notation  v-^f  some  calculators.  A  large  number  of  primitive  words 
(similar  to  commands  such  as  "Print,"  "Sin,"  etc.,  of  BASIC)  are  supplied  with  the 
package.  User-defined  words  are  easily  created  in  a  manner  similar  to  creating  a 
subroutine  in  BASIC  r  a  pnx:edurc  in  Pascal. 

Several  useful  mathematic^^l  tools  are  included  in  ASYST.  First,  ASYS7'  has  an 
extensive  array-handling  capability.  It  includes  an  array  editor,  ana  it  allows  the 
user  to  select  subarrays  and  carry  out  array  arithmetic,  including  inner  and  outer 
products.  Using  ASYST,  the  user  can  store  arrays  in  the  computer's  expanded  mem- 
ory, if  available. 

ASYST  also  offers  extensive  graphics  capabilities,  including  automatic  scaling 
and  np:  on  the  monitor  in  linear  or  exponential  form.  Numerous  ASYST  com- 
mands lacuitatc  user  sclccticn  of  scale,  annotation,  color,  and  number  of  superim- 
posed curves.  Words  are  also  a.  ^liable  for  doing  contour  and  axonometric  plots  of 
data.  AW  ASYST  graphs  may  be  dumped  to  an  attached  printer  or  directed  to  an  x-y 
plotter. 

ASYST  also  accommodates  some  limited  statistical  analyses  and  curve  fitting. 
Statistical  analyses  include  one-way,  two-way,  and  regression  ana  ,^is  of  variance. 
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Curve-fitting  capabilities  include  smoothing,  leasl-sqaarcs  polynomial,  exponen- 
tial, and  logarithmic  fits,  and  fits  tc  orthogonal  polynomials  such  as  Tchebyshev, 
Legendre.  and  Hermiie  polynomials. 

Other  mathematical  operations  in  ASYST  include  polynomial  integration,  differ- 
entiation, and  root  extraction;  matrix  manipulations  including  inner  and  outer  prod- 
ucts, inversion,  multiplicarion,  and  solution  of  simultaneous  equations; 
diagonalization  of  self-adjoint  matrices,  and  determination  of  eigenvalues;  fast 
Fourier  transformations,  inverse  transformations,  and  frequency-domain  filtering. 

Of  particular  interest  to  physicists  is  the  ability  of  ASYST  to  do  hardware-based 
data  acquisition.  With  the  addition  of  readily  available  boards,  12-bit  A/D  at  con- 
version rates  to  50  kHz  and  higher  are  attainable.  The  acquired  data  may  be  stored 
in  arrays  or  uansferred  directly  to  data  files  on  disk,  including  direct  memory 
access  to  files  in  a  RAM  disk  for  the  highest  transfer  rates.  Data  may  also  be 
acquired  through  an  IEEE-488  interface  board  from  equipment  such  as  digital 
oscilloscopes,  digital  voltmeters,  etc.,  equipped  with  JEEE-488  capabiliues.  Words 
to  effect  the  transfer  of  data  through  several  available  boards  are  included  in  the 
package  and  tf.e  setup  required  for  individual  board  installation  is  relatively  easy. 
With  suitable  available  hardware,  the  system  may  be  used  for  digital  to  analog  con- 
version as  well  as  digital  I/O, 

The  minimum  hardware  requirements  for  ASYST  are:  IBM  PC/XT/AT  or  co'ti- 
patible,  512K  RAM,  two  floppy  disk  drives  or  one  floppy  drive  and  a  hard  disk, 
IBM  color  graphics  adapter  (equivalent  or  better),  and  a  math  coprocessor  (Intel 
8087.  80287  or  80387).  The  ability  to  do  hardware-based  data  acquisition  requires 
an  analog  to  digital  (A/D)  conversion  board  or  an  IEEE-488  board. 

1.  ASYST  (Rochester.  NY:  ASYST  Software  Technologies). 


Microcom^.uter-Based  Integrated 
Statistics,  Analysis,  and  Graphics 
Software  for  Introductory  Physics 
Laboratories 


J.  D.  Kimel 

Department  of  Physics,  Florida  State  University,  Tallahassee,  FL  32J06 


Students  in  introductory  physics  laboratones  can  use  microcomputer  software  to 
analyze  and  graph  the  results  of  their  experiments.  Such  powerful  and  convenient 
tools  cut  through  the  calculauonal  tedium  normally  required  of  such  analyses  and 
get  directly  to  the  physics  fc-^ing  investigated  in  the  laboratory. 
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We  have  designed  an  integrated  seri^;s  of  statistics,  analysis,  and  graphics  soft- 
ware for  intioductory  physics  laboratories.  Our  system  requires  mobile  work  sta- 
tions consisting  of  an  IBM  PC-compatible  microcomputer  and  a  graphics-capable 
dot-matrix  printer  (set  up  for  IBM  graphics).  Each  work  station  is  mounted  as  a 
unit  on  a  rolling  cart.  Our  software  is  in  use  in  introductory  physics  laboratery  sec- 
tions of  20  students  working  in  pairs,  with  ten  mobile  work  stations. 

The  software  is  now  used  in  the  first  semester  of  a  two-semester  laboratory 
associated  with  a  calculus-based  introductory  physics  course  at  Florida  Stale 
University.  After  we  acquire  more  work  stations,  we  will  expand  the  use  of  the 
software  to  both  semesters  of  the  calculus-based  cours^t.  and  eventually  to  our  non- 
calculus-bascd  course.  These  laboratories  will  serve  approrJmately  300  students 
each  semester. 

The  software  gives  the  student  a  convenient  means  of  calculating  and  visualiz- 
ing the  statistical  uncertainties  assof  ited  with  any  repealed  mcasure.*nenl  of  a 
physical  quantity.  The  student  must  i  xe  such  uncertainties  into  account  in  deter- 
mining what  physical  conclusions  might  be  inferred  from  the  measurements.  An 
advantage  of  the  software  is  that  it  gives  the  student  almost-immediate  analysis  and 
graphics  feedback  on  measurements.  The  immediacy  of  the  system  encourages  the 
student  to  make  hypotheses  about  the  data  and  draw  conclusions  about  'he  statisti- 
cal relevance  of  the  laboratory  measurements  to  the  hypotheses.  This  enhances  the 
student*s  insigb*  into  the  physical  implications  and  limitations  of  physics  laborato- 
ry experiments. 

The  software  provides  the  student  with  the  means  of  recording,  analyzing, 
printing,  graphing,  and  saving  to  diskette,  the  experimental  results  of  the  laboratory 
measurements.  Statistical  uncertainties  in  repeated  measurements  are  calculated 
and  graphically  displayed.  These  uncertainties  arc  fed  into  the  analysis  portion  of 
the  software,  which  provides  a  least-squares  polynomial  fit  to  the  data  on  linear, 
semilog,  and  log-log  scales.  The  parameters  of  this  fit  arc  assigned  uncertainties 
propagated  from  those  in  the  experimental  data.  The  process  allows  the  student  to 
draw  statistically  significant  conclusions  about  the  physics  being  investigated  in 
the  experiment  When  the  data  is  saved  to  diskette,  the  sludciiJ  can  quickly  analyze 
the  data  in  several  different  ways  and  can  identify  tlie  measurements  both  analyti- 
cally and  graphically  as  exhibiting  a  linear,  exponential,  or  power-law  dependence 
on  the  independent  variable.  Thus,  the  student  is  led  to  hypothesize  about  the 
underlying  physics  of  the  experiment. 

The  software  is  written  in  QuickBASIC  and  consists  of  two  parts.  The  first  part. 
SIGMA,  allows  the  student  to  enter  and  display  on  the  screen  a  scries  of  measure- 
ments of  a  single  quantity  in  a  worksheet-style  formal.  The  program  calculates  tlie 
mean,  the  standard  deviation  of  the  sample,  and  the  standard  deviation  of  the  mean 
for  the  series  of  measurements.  The  software  allows  the  student  to  graph  the  results 
to  screen  or  printer  and  to  save  the  worksheet  on  a  diskette  for  later  use. 

The  second  part.  ANAGRAPH,  which  is  also  in  a  worksheet-style  format, 
allows  entry  and  display  on  the  screen  of  a  list  of  measurements  and  their  experi- 
mental uncertainties  versus  the  independent  variable  points.  The  student  uses  a 
least-squares  algorithm  to  fit  the  experimental  data  to  a  polynomial  of  degree  up  to 
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six,  and  the  software  relums  the  expansion  coefficients  together  with  uncertainties 
resulting  from  uncertainties  in  the  experimental  measurements.  The  results  can  ho 
saved  to  diskette,  printed,  or  graphed  to  the  screen  or  printer.  The  student  can 
select  three  different  types  of  polynomial  fit: 

2.  log(y)  =  flo  +  ^l^^  +  a25>''  + ... 

3.  logCy)  =  flo  +  fliIlQg{jc)  +  aiXl^ogixyP  + ... 

and  can  graph  these  on  linear,  semilog,  or  log-log  scales.  Thus  the  student  can  easi- 
ly identify  a  linear,  ex^^jnential,  or  power  dependence  of  the  laboratory  measure- 
ments versus  the  independent  variable  points. 

The  softwme  is  self-booting  and  menu  driven.  Help  screens  appear  where  nec- 
essary to  remind  the  student  of  the  next  step  in  applying  the  software.  Although 
written  instructions  are  provided,  the  software  is  intuitive,  self-explanatory,  and 
very  easy  to  use. 

The  liardware  requirements  are  an  IBM  PC  or  compatible  with  one  5.25-iiich 
floppy-disk  di*ve,  256K  of  memory,  and  a  CGA  card.  The  software  can  utilize  an 
8087  mathematical  coprocessor,  but  the  coprocessor  is  not  required.  For  printer- 
graphics  output,  the  software  requires  a  dot-matrix  printer  with  z  paiallel  interface, 
set  up  for  IBM  graphics. 

The  software  programs  Analysis  and  Graphics  Package  are  part  of  the  collection 
Computers  in  Physics  Instruction:  Software,  which  can  be  ordered  by  using  the  form  at  the 
end  of  this  book. 


Application  of  a  Commercial 
Data-Acquisition  System  in  the 
Undergraduate  Laboratory 

William  R.  Cochran 

Department  cf  Physics  and  Astronomy^  Yomgstown  State  University,  Youngstown, 
OH  44555 


I  use  a  commercial  daia-acquisition  system  (the  Keithley  570)  in  conjunction  with 
the  IBM-PC  in  an  upper-division  undergraduate  laboratory.  In  my  presentation  I 
will  discuss  the  advantages  and  disadvantages  of  this  system  from  the  i;oini  of 
view  of  a  small  college  physics  department.  I  will  also  discuss  example  expo/ 
ments  from  q)tics  and  thermodynamics. 


ERLC 


254 


Computers  in  the  Physics  Laboratory 


In  the  optics  experiment,  the  PC  and  Keithley  S70  are  used  to  drive  a  stepper 
moior  connected  to  the  movable  mirror  of  a  Michelson  interferometer,  to  sample 
the  interference  signal  incident  on  a  photodiode,  and  to  calculate  and  plot  the 
resultir^  spectrum,  using  the  Cooley-Tukey  algorithm  ^o  obtain  the  transform. 

In  the  tnermodynamics  experiment,  the  student  calibrates  a  thermistor  b>  deter- 
mining the  constants  in  the  Steinhart-Hart  equation,  and  then  uses  the  PC  and 
Keithley  570  to  drive  a  transconductance  amplifier  that  measures  the  voltage 
across  the  thermistor.  The  system  also  collects  the  data  and  calculates  the 
Steinhart-Hart  constants.  The  student  then  uses  a  second  program,  into  which  the 
constants  for  any  ther  *istor  can  be  entered,  to  determine  unknown  temperatures. 
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Computers  and  Research  in 
Physics  Education 

Lillian  C.  McDermott 

Depigment  cf  Physics  University  of  Washington,  Seattle,  WA  98195 


Computer-based  maicrials  for  teaching  physics  are  being  produced  at  a  rapid  rate. 
The  range  of  instructional  programs  already  generated  is  broad,  including  exercises 
for  drill  and  pnctice.  tools  for  graphic  display,  simulations  of  phenomena,  guid- 
ance for  solving  textbook  problems,  and  tutorials  for  teaching  specific  material. 
Programs  for  solving  complex  problems  numerically  are  making  ii  feasible  for  stu- 
dents to  consider  leal-world  situations  instead  of  being  limited  to  idealizations.  As 
more  powerful  programming  eiivironments  are  developed,  the  scope  of  what  is 
technically  possible  continues  to  grow.  Advances  in  technology  regularly  give  rise 
to  suggestions  of  new  ways  to  use  computers  in  physics  education. 

Although  development  has  been  fast,  we  have  devoted  relatively  little  aucntion 
to  examining  what  students  at  a  computer  may  be  learning  or  how  they  may  be 
thinking.  To  take  full  advantage  of  the  current  technology,  we  should  pause  lo 
reflect  on  what  computer-based  instruction  has  contributed  to  student  learning,  on 
what  we  would  like  such  instruction  to  accomplish,  and  on  how  we  might  best 
direct  our  efforts  to  hring  about  the  desired  results.  Such  considerations  will  pro- 
vide a  much  mc^  fruitful  direction  for  our  labors  than  will  intuition  or  opinion. 

In  the  fall  of  1982.  a  special  conference  was  held  a  the  University  of  Pittsburgh 
to  consider  liow  research  could  help  realize  the  educational  potential  of  the  com- 
puter.^ Among  the  approximately  40  people  who  attended  were  cognitive  scien- 
tists, computer  scientists,  psychologists,  science  educators,  precollege  teachers, 
and  university  faculty.  Several  physicists  were  present,  including  F.  Reif.  who  was 
one  of  the  two  chairmen.  The  report  of  the  conference,  which  was  published  in 
1983.  includes  a  research  agenda.  Two  main  categories  are  identified:  basic  cogni- 
tive research  and  prototype  research.  The  first  deals  with  teaching  and  Icaining  at  a 
fundamental  level,  an  orientation  that  is  characterisric  of  the  cognitive  scientist  or 
psychologist  The  second  is  of  more  immediate  interest  to  physicists  and  is  tne 
emphasis  of  this  paper.  The  point  of  view  expressed  is  that  of  a  physics  instructor 
whose  primary  motivation  for  research  is  lo  understand  better  what  students  find 
difficult  about  physics  and  to  use  this  information  to  help  make  instruction  more 
effective. 

This  paper  examines  the  relationship  between  the  computer  and  research  in 
physics  education  in  the  context  of  specific  examples.  Most  of  the  examples  pre- 
sented here  illustrate  how  research  can  be  used  as  a  guide  for  development,  i.e.. 
how  research  drives  the  computer  program.  The  remaining  examples  shov/  how  the 
computer  can  be  a  tool  for  doing  research,  i.e..  how  the  computer  program  drives 
research.  Discussion  of  the  examples  gives  nse  to  questions  warranting  further 
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study.  Reflection  on  the  potential  the  computer,  both  as  a  means  of  delivering 
instruction  and  as  a  means  of  investigation,  leads  to  some  suggestions  for  future 
research.  The  paper  concludes  with  a  summary  of  how  research  s  d  curriculum 
development,  both  traditional  and  computer-based,  can  interact  within  an  instruc- 
tional environment  to  contribute  to  the  improvement  of  physics  education. 

Research  as  a  Guide  for  Development  of 
Programs 

Re  lis  from  research  can  be  used  to  guide  the  development  not  only  of  wriuen 
m?^  ials  but  also  of  insuiictional  programs  on  the  computer.  Empirical  investiga- 
tions can  help  identify  common  conceptual  and  reasonug  difficulties  that  students 
encounter  in  learning  physics.  Careful  examination  of  student  thinking  on  a  topic 
may  also  revc*al  useful  intuitions  that  might  be  exploited  in  instruction.  This  infor- 
mation  can  be  used  to  design  computer-based  instruction  that  addrt^es  the  diffi- 
culties identiHed  or  that  develops  new  concepts  or  skills.  The  main  emphasis  in 
other  research  may  be  on  the  development  and  testing  of  specific  instructional 
strategies,  both  those  that  can  be  a»ed  generally  and  those  that  are  peculiar  to  the 
computer.  Optimally,  such  research  involves  preliminary  testing  of  the  instructional 
procedures  before  they  arc  incorporated  into  a  computer  program. 

Research  can  provide  a  basis  for  the  design  of  programs  to  teach  problem  solv- 
ing. The  focus  is  often  on  the  development  or  the  use  of  a  theoretical  model  of  cog- 
nition or  insuuction.  The  features  of  the  model  can  be  incorporated  into  a  computer 
program  for  teaching  students  how  tc  solve  certain  types  of  physics  problems.  The 
model  may  be  prescriptive  or  descriptive..  A  hypothetical  task  analysis  may  be  the 
starting  point  for  constructing  a  i>rescripuvc  model  of  good  problem-solving  per- 
foimance.  In  this  case,  the  model  may  consist  of  the  knowledge  and  procolures 
n  «sary  for  arriving  at  a  correct  solution  to  a  problem.  Some  problem-solving 
research  focuses  on  how  individuals  with  different  levels  of  expertise  solve  prob- 
lems. Analysis  of  the  data  leads  to  ihe  formulation  of  descriptive  models  for  expert 
and  novice  problem-solving  behavior.  Ideas  from  artificial  intelligence  about  how 
knowledge  is  acquired,  stored,  and  accessed  arc  sometimes  incorporated  into  this 
theoretical  framework.  The  models  that  result  from  this  type  of  research  may  be 
used  to  develop  computer  programs  that  wi!I  lead  students  from  novice  to  expert 
status. 

Another  way  in  which  rcs'  zh  can  pli'^y  an  important  role  in  program  develop- 
ment is  to  ensure  that  the  quality  of  interaction  between  the  computer  and  the  stu- 
dent is  the  very  best  that  it  can  be.  ^^attcrs  of  motivation,  screen  appearance, 
computer  feedback  to  student  response,  ideal  student  group  size,  etc.,  all  make  a 
difference  in  how  effective  computer  insuiiction  will  be.  This  important  area  for 
research  is  beyond  the  scope  of  this  paper. 

The  compu*^^  programs  discussed  below  are  examples  in  which  the  results  of 
research  were  used  to  guide  program  developmenL  They  were  chosen  to  illustrate 
a  variety  of  ways  in  which  this  has  been  done.  A  number  of  other  programs  could 
also  iiave  served  as  examples.^ 
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Address^ing  Student  Difficulties  Identified 
through  Research 

The  fiist  two  piograms  were  deliberalcly  designed  K  address  specific  difncultics 
ideneuied  through  research.  Both  are  based  on  empirical  investigations  by  (he 
Physics  Education  Group  at  the  University  of  Washington. 

Tutorial/Simulation:  Distincuishing  between 
Position  and  Velocity 

Peter  Hewsun  has  applied  the  rcsults  of  research  to  design  a  computer  program 
that  he^  student^  distinguish  between  the  concq)ts  of  position  and  velocity.^  One 
manifestation  of  confusion  between  these  two  concepts  is  the  use  of  a  position  cri- 
tenon  to  determine  relative  velocity.  This  misconception,  or  alternate  conception  (a 
term  Hewson  prefers),  was  identified  in  an  investigation  of  student  understanding 
of  the  coficqH  of  velocity  by  D.  Trowbridge  and  L.  C.  McDermott^  They  reported 
that  a  sizable  number  of  introdixtory  physics  students  claimed  that  two  objects  had 
the  same  sped  when  one  passed  the  other. 

During  individual  demoastration  inter\'iews,  students  wcie  shown  a  demonstra- 
tion ill  which  two  balls  rolled  along  adjacent  tracks.  One  ball  rolled  along  a  hori- 
zontal track  and  maintained  a  constant  speed,  while  the  other  rolled  up  an  inclined 
track  and  slowed  down.  The  ball  that  rolled  uphill  started  behind  the  ball  on  the 
level  track  and  passed  it  Then  as  the  ball  on  the  incline  continued  to  slow  down,  it 
was  passec  me  ball  on  the  level  track.  The  students  wcc  asked  if  and  where  the 
two  balls  c  had  the  same  velocity.  There  is  an  instant  when  the  ball  that  is 
rolling  uphill  and  slowing  down  has  the  same  velocity  as  the  ball  on  the  \c\(i\  uack. 
However,  a  significant  number  of  students  claimed  that  the  balls  had  the  same 
velocity  at  the  two  pasM^ig  points. 

Hewson  develc^^  a  microcomputer  simulation  in  which  two  cars  tace  against 
each  other  atong  psurallel  paths.  The  accompanying  tutorial  program  consists  of  two 
ph;^:  diagnostic  and  remedial.  The  first  diagnostic  phase  identifies  the  inappro- 
priaui  use  of  a  position  criterion.  The  student  observes  six  car  races  and  for  each 
one  pushes  a  button  at  the  instant  that  the  cars  appear  to  have  the  same  velocity. 

In  the  remedial  phase,  students  who  do  not  distinguish  position  from  velocity 
are  led  to  confront  and  resolve  their  confusion.  There  are  two  races  in  this  pan  of 
the  program.  The  first  is  designed  to  create  dissatisfaction  with  a  position  critcricn 
by  providing  an  extieme  situation  in  which  one  car  mo*,  es  across  the  scn^cn  at  con- 
stant speed,  passing  another  th?'.  is  not  moving.  The  second  race  is  designed  to  pro- 
voke  the  correct  criterion.  Both  cars  travel  at  the  same  constant  speed  across  the 
screen  with  one  nuiintaining  a  constant  distance  behind  the  other.  1  he  questions 
asked  by  the  computer  and  the  commentary  made  in  the  program  foci's  attention 
on  the  difference  between  position  and  velocity.  The  program  does  nc  polit  out 
the  correct  criterion;  the  students  must  recognize  themselves  that  vlien  i  .c  two 
cars  are  at  the  same  speed  the  distance  between  them  appears  approximau  ly  con- 
stant. 
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The  program  was  tested  with  eighth-grade  students  at  a  high  ^ichool  in 
Johannesburg,  South  Africa,  and  at  the  University  of  the  Witwatcrsiand,  where  it 
was  used  in  a  freshman  physics  course  for  students  trom  sxlucationally  disadvan- 
taged backgrounds.  The  program  was  successful  with  both  groups,  but  more  so 
with  the  university  studcmts.  Most  of  the  latter  group  were  able  to  state  a  correct 
criterion  several  weeks  after  they  had  used  the  program  and  also  to  recognize  that 
their  ideas  had  changed  as  a  result  of  using  the  program. 

In  designing  the  im>gram,  Hewson  had  in  mind  a  model  of  learning  as  concep- 
tual change.  He  considered  the  particular  methodology  (microcomputers)  and  the 
specific  content  (velocity)  to  be  examples  of  a  broad  theoretical  approach  that  can 
be  applied  to  other  methodologies  and  other  concq)ts.  It  is  interesting  to  note  that 
his  instructional  strategy  is  similar  to  the  one  developed  at  the  University  of 
Washington  to  address  the  saT:?  conceptual  difficulty.  Although  the  Physics 
Education  Group  does  not  describe  its  approach  to  curriculum  development  in 
terms  of  a  theory  of  instruction,  the  result  is  much  the  same. 

Tutorial/Sirrulation:  Connecting  Graphs  and 
Act'^al  Mo'.ions 

Graphs  and  Tracks y  by  D.  Trowbridge,  is  designed  to  help  students  make  con- 
nectio"*-  between  actual  motions  and  the  graphs  that  represent  thcm.^  In  an  investi- 
gation tha.  extended  over  several  years,  L.  C.  McDcrmott,  M.  Roscnquist,  and  E. 
H.  van  Zee  identified  some  specific  difficulties  students  have  in  graphing  motion.^ 

Before  Trowbridge  developed  this  tutorial  program,  the  Physics  Education 
Group  had  developed  a  laboratory-based  curriculum  to  address  commonly  recur- 
ring errors  identified  through  research.''  We  designed,  tested,  and  refined  the 
instructional  strategies  incorporated  in  this  .  :rriculum  during  several  cycles  of  use 
in  courses  taught  by  members  of  the  group.  Tiie  curriculum  includes  several  excr- 
ci'  5  and  experiments  that  make  use  of  steel  balls  rolling  on  aluminum  tracks, 
equipment  also  used  in  some  of  the  research.  Students  are  asked  to  observe  the 
balls  rolling  on  various  track  arrangements  and  to  construct  graphs  of  position, 
velocity,  and  acceleration  versus  time.  They  are  also  asked  to  do  the  reverse  opera- 
tion, i.e.,  given  various  motion  graphs,  the  students  must  produce  corresponding 
track  anangements. 

Drawing  on  both  the  research  and  instructional  materials,  Trowbridge  designed 
a  computer  program  to  help  students  overcome  specific  difficulties  in  making  con- 
nections between  r'^al  motions  and  graphs  of  position  velocity,  and  acceleration 
versus  time.  The  program  is  in  two  parts.  Part  1  is  entitled  "From  Graphs  to 
Motion"  and  part  2  "From  Motion  to  Graphs." 

Part  1  uses  the  animation  capabilities  of  the  computer  The  student  is  shown  a 
set  of  example  graphs  together  with  a  set  of  tracks  and  a  ball.  For  each  example, 
the  student's  task  is  to  arrange  the  tracks  to  reproduce  the  graph.  The  display  on  the 
screen  for  one  of  the  examples  is  shown  in  Figure  1 .  The  tracks  consist  of  five  seg- 
ments that  can  be  raised  or  lowered  by  moving  and  clicking  the  mouse.  The  mouse 
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can  also  be  used  to  select  initial  values  for  position  and  vei^ity.  After  adjusting 
the  tracks  and  choosing  the  initial  conditions,  the  student  tells  the  computer  to  roll 
the  ball.  As  the  ball  rolls  along  the  tracks,  the  corresponding  motion  graph  is  gen- 
erated. The  student  can  compare  this  graph  with  the  original  one,  modify  the 
arrangement,  and  try  again  as  many  times  as  desired.  The  stuw^ent  is  responsible  for 
detecting  any  errors  and  deciding  when  the  match  is  good  enough  to  go  on  to 
another  example.  The  computer  program  itself  is  nonjudgmental;  it  is  up  to  the  stu- 
dent to  determine  if  a  re5ponse  is  correct  The  student  may  choose  to  consult  the 
help  facility  that  is  available  to  give  stqvby-step  guidance  toward  the  correct  solu- 
tion. The  program  also  allows  students  to  generate  new  problems  by  creating  and 
saving  their  own  graphs. 

Part  2  uses  the  graphics  (drawing)  capabilities'  of  the  computer.  The  screen 
shows  a  series  Gl  motions  on  various  track  arrangements,  one  at  a  time.  In  each 
case  the  student  is  asked  to  produce  the  three  corresponding  motion  graphs  either 
by  using  a  graphing  palette  containing  basic  shapes  (straight  line,  parabola,  etc.)  or 
by  drawing  freehand.  When  the  student  asks  for  feedback,  the  program  analyzes 
the  student's  graph  and  attempts  to  give  step-by-step  guidance  for  correcting  a  mis- 
lake.  Thus  Trowbridge  had  to  program  the  computer  to  recognize  many  different 
errors.  The  effectiveness  of  the  program  depends  heavily  on  knowledge  obtained 
from  previous  research  with  students. 

Graphs  and  Tracks  has  been  used  to  extend  the  research  on  which  it  is  based. 
As  discussed  later  in  the  paper,  preliminary  results  show  that  the  computer  makes  it 
possible  for  ms  to  identify  and  analyze  some  student  errors  in  graphing,  that  other- 
wise might  be  «mdetected  or  not  as  well  understood.^  Computer-based  interviews 
also  allow  obsen  •  -on  of  the  strategies  students  use  lO  perform  the  assigned  tasks. 


Developing  and  Testing  Specific 
Instructional  Strategies 

The  next  four  programs  illustrate  research  m  which  the  computer  is  used  to  devel- 
op or  test  a  specific  instructional  itegy.  In  the  first  two  programs,  the  computer 
itself  is  an  integral  part  of  the  stn*.  ^y.  In  the  other  two  programs,  the  method  that 
is  being  tested  is  not  inherently  restricted  to  the  computer.  However,  the  computer 
makes  feasible  the  large  amount  of  practicu  required  in  one  of  these  and  the  high 
degree  of  individualization  required  in  the  other. 


Microcomputer-Based  Laboratory  (MBL) 

A  special  mstructional  strategy  for  addressing  difficulties  with  kinemaucs  and 
with  motion  graphs  makes  use  of  the  microcompu»er-bascd  !a'>oralory.  R.  Tinker 
and  R.  homton  have  designed  a  sonar  probe  that  can  serve  as  a  motion  detector.^ 
When  interfaced  with  a  computer,  this  device  '^Mows  students  to  generate  and  view 
graphs  of  their  own  motion  in  real  time.  The  immediate  feedback  from  the  comput- 
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er  helps  students  relate  the  motions  of  their  own  bodies  to  variops  features  of 
motion  grs^hs. 

Prompted  by  the  results  from  the  research  cited  ahx)ve  and  by  his  own  observa- 
tions of  college  students,  Thornton  designed  MBL  materials  for  use  in  teaching 
introductory  physics.  He  and  instructors  at  sc*  era!  other  institutions  have  found 
tliat  use  of  these  materials  in  sessions  lasting  from  one  to  a  few  hours  can  maricedly 
improve  the  ability  of  students  to  draw  and  interpret  motion  graphs,!^  Studies  with 
both  calculus  and  noncalculus  physics  Viudents,  demonstrate  that  those  who  have 
had  experience  with  MBL  do  significantly  better  on  examination  questions  involv- 
ing n^otion  gr^hs  than  those  who  have  not  had  such  experience.  After  using  MBL 
materials,  even  students  without  a  strong  science  background  outperform  calculus- 
level  students  who  have  not.  Resul's  from  research  at  the  precollege  leve!  indicate 
that  instructional  strategies  based  on  MBL  are  also  effective  with  younger 
students.-^ 

Videodisc/Computer  Graphi'^s  Overlay:  Ray 
Diagrams  and  Optical  Systems 

F.  Goldberg  and  S.  Bendall  used  the  comput.  r  in  combination  with  a  videodisc 
to  iielp  students  understand  the  relationship  between  an  optical  system  and  the  ray 
diagram  that  describes  it.  12  This  work  is  based  on  research  by  F.  Goldberg  and  L. 
C.  McDermott,  who  investigated  student  understanding  of  the  real  image  formed 
by  a  converging  lens.^^  One  of  the  most  common  difficulties  that  Goldberg  and 
McDermott  identified  was  the  inability  of  stud^iis  to  draw  an  appropriate  ray  dia- 
giiam  to  make  preuictions  about  a  simple  system  consisting  of  a  light  bulb,  a  lens, 
ar:d  a  screen. 

In  developing  an  instructional  strategy  to  aduress  this  particular  difficulty, 
Goldberg  ami  Bendall  reasoned  that  if  students  were  introdu-.  ?d  to  Ae  idea  of  a  ray 
diagram  by  seeing  the  diag,-am  superimposed  on  a  video  picture  cf  the  real  equip- 
ment, they  would  retain  a  strong  impression  of  the  relationship  between  the  two. 
There  is  some  evidence  from  psychological  reseaich  to  support  this  idea. 

To  investigate  the  effectiveness  of  iJiis  suategy,  Goldberg  and  Bendall  devel- 
oped two  versions  of  a  lesson  on  image  formation  by  a  converging  lens.  Both  pre- 
sentci  the  same  textual  information.  In  the  **video"  version,  a  video  picture  of  the 
lens  system  psA  the  corresponding  ray  djagram  are  presented  simultaneously  on 
the  computer  screen.  The  ray  diagram  drawn  by  using  computer  graphics  appears 
as  an  overlay  over  the  picture  of  the  Jens  system.  In  the  nonvideo  version,  either 
the  video  is  presented  without  graphics  or  both  the  ray  diagram  and  lens  system  are 
drawn  by  the  computer. 

Both  versions  have  been  tried  in  preliminary  testing  with  future  elementary 
school  teachers  who  had  no  previous  formal  instruction  in  optics.  Immediately  fol- 
lowing the  lesson,  the  investigators  assessed  Jtudent  understanding  by  askm^,  ques- 
tions with  the  actual  physical  apparatus  present  in  front  of  the  student.  The  students 
who  had "  orkcd  through  ilie  "video"  version  of  the  lesson  were  more  successful  in 
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making  concct  predictions  and  drawing  correct  ray  diagrams  than  those  who  had 
worked  through  the  non-video  version. 

Analogy-Based  Computer  Tutor 

Remediating  Physics  Misconceptions  Using  an  Analogy-Based  Computer 
Tutor  is  a  computer  program  desigried  to  help  students  overcome  some  common 
misconcqHions  in  mechanics.^^  One  of  these  is  that  a  static,  rigid  body  (e.g.,  a 
table)  caimot  erert  a  force  ^  another  body  with  which  it  is  in  contact  (e.g.,  a 
book).  The  program  attempts  to  make  plausible  the  existence  of  a  passive  normal 
force  t!  JDu^  computer-generated  Socratic  diatogue  in  whk:h  a  series  of  analogie. 
is  iriw  yduced.  The  Analogy-Based  Computer  Tutor  implements  an  insmictional 
strategy  designed  to  bring  about  conceptual  change.  The  tutor  is  based  on  earlier 
research  by  J.  Clement  and  D.  Brown,  who  devc  .xxl  and  tested  the  procedures 
with  students  before  any  programming  on  the  compul^^^  was  undcrtaken.^^  This 
v  ork  built  on  research  that  had  been  conducted  in  a  high  school  physics  classroom 
by  Jim  MinstrelK  who  in  turn  drev/  on  an  instructional  sequence  used  earlier  by  A. 
Arons.^^ 

Like  Minstrell,  Clement  and  Brown  d-'^  their  research  in  the  classroom.  To  help 
students  accq>t  the  idea  that  a  table  exerts  .n  upward  force  on  a  book  resting  on  it, 
Clement  and  B^v/n  suggest  ari  anchoring  situation  that  mr  be  more  inuiitively 
accqptable  to  students  than  is  the  target  siuiation  (the  book  oi.  the  table).  For  exam- 
ple, the  students  might  be  asked  to  compare  the  book  on  the  table  with  a  book  rest- 
ing on  a  hand  (a  possible  anchoring  situation).  Clement  and  Brown  found  that 
students  may  admit  that  the  band  exerts  a  force  but  may  not  Irjlieve  that  an  analogy 
beiw^«;n  a  hand  and  a  table  is  valid.  As  other  investigators  also  note,  students  are 
often  reluctant  lo  accept  the  fdea  that  something  inanimate  can  exert  a  force.  At 
this  point,  the  students  are  presented  with  one  or  more  bridging  analogies.  In  one 
sequence,  for  example,  a  book  on  a  coiled  spring  serves  as  an  intermediate  analo- 
gy. Although  2»tudents  usually  recognize  that  the  spring  can  exert  an  upward  force 
when  compressec^  htm  above,  they  often  do  not  see  the  table  and  spring  as  analo- 
gous. Other  bridging  analogies  may  then  be  proposed,  such  as  a  book  on  foam  rub- 
ber that  sags  and  a  book  on  a  thin  board  that  bends  slightly. 

When  this  instructional  JUaiegy  was  tried  in  several  high  school  classes,  there 
was  a  significant  difference  m  experimental  over  conu-ol  groups  in  acceptance  of 
the  physicist*s  interpretation  that  the  table  exerts  an  upward  force  on  the  book. 
Clement  and  Brown  found  that  sometimes  many  discussions  were  ncccs'^ary.  Often 
a  long  chain  ok*  bridging  analogies  had  to  be  suggested  to  convince  some  students 
A  I  the  target  and  anchor  systems  were  similar  with  respect  to  the  feature  under 
consideration. 

Proceeding  from  th^-  experience  in  classroom*  Clement  and  Brown  worked 
with  T  Murray  and  K.  Schultz  to  design  a  prototypical  computer  program  for  an 
anali^y-based  tutor  They  were  interested  in  seeing  whether  the  classroom  suategy 
could  be  simulated  in  a  computer  environment  and  w!icthcr  it  would  be  efp  :tivc 
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under  those  circumstances.  The  computer  program  they  designed  contains  many 
possible  bridging  analogies.  Whenever  they  exper  :5nce  difficulty  in  seeing  the 
proper  connection  between  any  two  analogies  in  the  chain,  the  students  are  offered 
a  new  analogy  that  attempts  to  narrow  the  concq)tual  gap.  To  replace  the  feedback 
that  a  human  tutor  gets  from  students  through  facial  expressions  and  other  clues, 
the  computer  asks  students  to  rate  their  confidence  in  their  answers  at  each  stage  of 
the  program.  With  this  information  and  knowledge  of  the  analogies  that  have  been 
tried^  the  computer  can  keep  track  of  the  student's  state  of  learning.  The  tutor  is 
intelligent*  because  it  can  tailor  instnicuon  at  any  point  in  the  program  acccKding  to 
individual  need. 

The  analogy-based  tutor  was  tried  with  a  small  group  of  students.  After  woric- 
ing  through  the  program,  almost  all  succeeded  in  giving  the  correct  answer  that  the 
table  exerts  an  upward  force  on  the  book.  They  indicated  that  this  answer  made 
sense  to  them  at  a  high  level  of  confidence,  even  though  most  had  started  by  being 
convinced  that  the  table  could  not  exert  an  upward  force. 

Hierarchical  Analysis  Tool  (HAT) 

Gerace  and  Mesire  have  developed  a  computer  program  to  help  students 
improve  their  problem-solving  performance.^^  The  program  is  called  the 
Hi*  'art  hical  Analysis  Tool  (HAT).  It  is  based  on  research  that  indicates  thai 
experts  and  novices  organize  knowledge  and  approach  problem  solving  in  very  dif- 
ferent ways.^8  Experts  seem  to  think  Hierarchically,  classify  problems  according  to 
basic  principles,  and  generally  begin  to  solve  problems  with  a  qualitative  analysis. 
Novices,  on  the  other  hand,  seem  to  store  information  more  homogcnously,  classi- 
fy problems  according  to  suwace  features,  and  approach  problem  solving  by 
searching  for  equations  that  might  lead  to  an  an  wer.  HAT  is  designed  to  help  stu- 
dents make  a  uansition  from  novice  toward  expert  behavior 

HAT  presents  students  with  25  problem.  '.^  classical  mechanics.  In  each  case, 
the  students  select  from  a  computer  generated  list  the  appropriate  principle  that 
could  bt  applied  to  obtain  a  solution  to  the  problem.  Gerace  and  Mestre  have  com- 
pared the  effect  of  this  type  of  instruction  to  that  of  two  other  treaunents.  In  one, 
the  students  use  the  textbook  from  their  physics  course  to  solve  the  problems.  In 
the  other,  the  sUidents  use  an  equation  database  program  {Equation  Sorting  Tool)  to 
obtain  the  equations  needed.  The  large  number  of  equations  in  the  data  base  can  be 
greatly  reduced  by  performing  sequential  sorts  according  to  oasic  principles,  sur- 
face fcaUue  aUributes,  or  a  particular  variable. 

Gerace  and  Mestre  have  compared  the  effectiven  ess  of  the  three  instructional 
strategies  by  examining  student  performance  on  a  lest  designed  to  be  similar  to  a 
traditional  final  examination.  The  results  show  that  students  who  had  used  the 
Hierarchical  Analysis  Tool  shifted  their  criteria  for  categorizing  problem  type 
away  from  surface  feauures,  toward  basic  principles.  However,  the  /Mr  group  was 
no  more  successful  than  the  other  two  groups  in  being  able  to  solve  the  problems. 
Thus  the  instructional  strategy  cf  having  students  classify  problems,  at  least  as  it 
was  implemented  in  this  research,  does  not  seem  to  be  very  useful  for  improving 
oroblen-solving  ability. 
■>" 
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Teaching  Problem  Solving 

Following  are  two  examples  of  programs  designed  to  teach  problem  solving  in  two 
iifferent  areas  of  physics.  The  first  draws  on  the  results  of  research  but  is  also 
based  on  the  experience  of  the  author  in  teaching  physics,  in  the  second,  Uie 
i^ipcoach  10  instructional  design  is  from  a  more  theoretical  perspective  and  has  a 
strong  cognitive-science  emphasis. 


Tutor  for  Kinematics  Problems 

G.  Obeiem  has  designed  an  intelligent  tutoring  system  called  Albert  to  teach 
students  how  to  solve  one-dimensional  kinematics  problems  with  constant  acceler- 
ation.^^  Albert  can  understand  and  solve  problems  presented  to  it  in  natural  Ian- 
gu3ge  taken  directly  from  a  standard  textbook.  The  tutor  acts  as  a  coach,  helping 
on  request,  usually  by  making  suggestions  rather  than  by  giving  direct  answers  to 
questions.  Stud^ts  can  use  any  method  to  to  solve  a  problem.  They  may  ask 
for  help  at  any  point  The  actions  or  responses  of  students  affect  the  direction  in 
which  the  program  proceeds.  Multiple  branching  maV  ossible  highly  individual- 
ized feedback.  Albert  is  an  intelligent  tutor  because  it  can  diagnose  difficulties, 
monitor  a  student's  progress,  and  provide  help  at  a  level  that  is  appropriate  for  a 
"particular  student 

Given  a  problem,  Albert  translates  from  English  to  the  mrthematical symbolism 
in  which  the  kinematical  equations  are  expressed.  Albert  can  find  a  solution  by 
using  these  equations  or,  alumatively,  by  using  the  more  fundamental  relationships 
from  which  they  are  c  rived:  the  defmition  of  average  velocity,  the  definition  of 
accelerationt  and  the  expression  for  the  average  velocity  when  the  acceleration  is 
constant 

The  tutorial-management  system  that  drives  Albert  uses  an  instruciional 
approach  that  is  bu^d  on  research  by  F.  Reif  and  coworicers.  In  broad  outline,  the 
problem-solving  strategy  has  three  stages:  problem  description  and  analysis,  con- 
sfruction  o!  a  <olution,  and  assessment  of  the  solution.  Each  of  these  stages  has 
been  analyzed,  described  in  detail,  and  validated  in  research  by  Reif  and  J. 
Heller."^  Oberem  draws  on  this  woric  explicitly,  arid  on  the  work  of  other  groups  as 
well.  In  addition,  in  order  to  anticipate  difTiculties  that  might  need  to  be  addressed, 
Obesem  analyzes  written  responses  by  students  to  sample  problems.  He  also  exam- 
ines student/computer  interaction  by  taking  the  place  of  the  computer  during 
exploratory  testing.  When  students  <yped  their  comments  on  the  keyboard  they 
were  unaware  that  they  were  communicating  with  Oberem  and  not  with  the  com- 
puter. 

Albert  has  been  used  with  a  limited  number  of  students  at  Rhodes  University  in 
South  Africa.  In  initial  testing,  Alber.  has  been  able  to  maintain  a  coherent  dia- 
logue with  each  student.  Although  the  process  has  s^  metimes  been  time  consum- 
ing, the  dialogue  has  led  in  each  case  to  a  successful  solution  of  the  probK  m 
selected  by  the  student  In  its  present  state  of  development,  Albert  can  help  stu- 
dents on  an  individual  basis  but  cannot  give  very  deep  explanations  of  its  rew>on- 
ing. 
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Tutor/Microworld  for  Electric  Circuit 
Problems 

The  work  of  B.  White  and  J.  Frederiksen  reflects  the  more  theoretical  approach 
to  computer-based  instruction  that  characterizes  cognitive  scientists  Drawing  on 
the  results  of  empirical  investigations,  cognitive  theory,  and  artificial  intelligence. 
White  and  Frederiksen  have  designed  a  program  to  teach  students  to  solve  electric 
circuit  problems.  Their  objective  was  to  create  a  computer  learning  environment 
that  utilizes  a  microworld  (interactive  simulation)  within  an  intelligent  tutoring 
system.  The  authors  proceed  from  the  proposition  that  progress  toward  expert  sta- 
tus can  be  viewed  as  an  evolution  of  successive  causal  models.  Each  of  these  men- 
tal models  consists  of  a  set  of  rules.  A  particular  model  may  be  adequate  for 
solving  a  given  class  of  circuit  problems  but  inadequate  for  solving  [ffoblems  at  the 
next  level  of  complexity.  For  these.  'Additional  rules  must  be  introduced.  Simple 
models  evolve  into  more  complex  ou  The  uansition  from  novice  to  expert  status 
is  viewed  as  a  transformation  of  menial  models. 

White  and  Frederiksen  study  the  procedures  followed  by  an  expert  irou- 
bleshooter  who  was  teaching  at  a  technical  high  school.  They  analyze  the  proce- 
dures and  put  them  into  the  form  of  rules  that,  in  their  entirety,  cons'jiuie  a  mental 
model  for  an  expert  (expert  model).  The  rules  are  arranged  into  sets  (student  mod- 
els) to  match  the  progression  from  lower  to  higher  levels  of  expertise.  In  formulat- 
ing the  student  models,  the  designers  were  guided  by  findings  from  previous 
research  on  student  understanding  of  electric  circuits. 

The  program  is  capable  of  simulating  circuits  on  the  computer  screen  and 
allowing  sttidents  to  perform  experiments.  The  computer  poses  problems,  explains 
the  behavior  of  circuits,  and  presents  rules  for  a  causal  model  appropriate  for  ihe 
sujdent*s  stage  in  learning.  Instruction  begins  with  simulations  of  simple  circuits. 
The  solution  of  problems  based  on  these  circuits  requires  only  a  simple  model.  As 
the  students  progress  to  more  complicated  circuits  and  problems,  new  models  arc 
introduced  that  contain  additional  rules.  The  students  are  described  as  moving  from 
a  novice  to  an  expert  slate  on  the  basis  of  their  ability  to  solve  more  difficult  prob- 
lems. 


Questions  for  Research  in  Context  of 
Examples 

Research  plays  a  significant  role  in  all  the  computer  programs  discussed  above. 
However,  the  programs  themselves  suggest  directions  for  further  research.  Some  of 
the  questions  are  broad  in  scope.  Does  learning  that  appears  to  result  from  a  com- 
puter program  extend  beyond  the  medium  itself?  Can  the  student  apply  the  con- 
cepts and  skills  learned  to  other  insuiictional  environments  and  to  a  real-worid 
situation?  Does  success  on  computer  tasks  indicate  that  a  .student  has  lully  under- 
stood the  concepts  and  reasoning  involved?  Questions  such  as  the  foregoing  apply, 
of  course,  to  all  fcmns  of  instruction,  not  only  to  materials  that  are  computer  based. 
Nevertheless,  in  reflecting  on  the  use  of  computers  in  physics  education,  we  should 
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not  dismiss  questions  of  this  kind  simply  because  other  ty  of  teaching  arc  equal- 
ly at  fault  After  all,  a  major  reason  for  incorporating  computers  in  instruction  is  to 
improve  upon  what  is  already  being  done.  The  questions  considered  in  the  discus- 
sion below  are  not  necessarily  applicable  to  the  particular  examples  that  have  been 
described.  However,  the  programs  provide  a  good  context  in  which  to  raise  some 
important  issues.  Often  the  better  the  program,  the  more  interesdng  and  sharply 
focused  are  the  questions  that  can  be  extracted  from  it 

Experience  has  shown  that  students  seem  to  enjoy  working  on  judgment-ftee, 
goal-oriented  tasks  such  as  attempting  to  design  a  set  of  tracks  to  reproduce  a 
graph  shown  on  a  computer  screen.  They  also  seem  enthusiastic  about  trying  to 
replicate  a  gr^h  by  their  own  motion.  Could  success  on  either  type  of  task  be  anal- 
ogous to  becoming  more  proficient  at  a  game?  Is  it  possible  for  students  to  develop 
the  necessary  skill  without  being  able  to  generalize  the  process  to  situations  outside 
of  the  context  of  the  computer  program  or  MBL  activity?  Can  students  translate 
their  experience  with  tracks  displayed  on  the  computer  screen  to  the  manipulation 
of  real  ^paratus?  Can  students  who  have  seen  computer-generated  graphs  of  their 
o>Mi  motion,  sketch  a  qualitatively  correct  g»aph  of  the  motion  of  an  object  that 
they  observe  in  the  laboratory?  Are  students  who  have  learned  about  the  graphing 
of  motion  by  manipulatitig  balls  and  tracks  on  a  computer  screen,  or  by  using 
motion  detectors  in  the  laboratory,  also  able  to  explain  precisely  how  the  shape, 
slope,  and  intercepts  of  a  graph  correspond  to  the  various  features  of  a  particular 
real  motion? 

In  addition  to  general  questions  about  the  efficacy  of  using  analogies  in  intro- 
ductory physics,  there  are  questions  that  bear  directly  on  computer-based  instruc- 
tion. How  engaged  is  the  student  at  every  step?  Rather  than  struggle  with  a 
particular  bridging  analogy  and  try  to  identify  the  connection  between  it  and  the 
anchor,  students  may  find  it  considerably  easier  to  call  for  another  suggestion  from 
the  computer.  Also,  how  can  we  be  sure  that  the  relevant  common  feature  is  the 
one  on  which  the  student  is  concentrating?  When  there  are  so  many  possible 
bridges  available,  is  it  possible  that  students  will  lose  track  of  the  critical  element 
in  the  relationship  between  target  and  anchor?  Can  they  leam  to  recognize  the  limi- 
tations of  the  bridging  analogies  or  are  they  likely  to  develop  new  misconceptions 
by  making  correspondencei.  that  are  not  valid? 

The  ability  to  solve  standard  textbook  problems  is  frequently  taken  as  a  mea- 
sure of  student  understanding  in  physics.  It  is  often  assumed  that  successful  prob- 
lem solving  involves  all  the  important  aspects  of  understanding.  Howevei.  there 
has  been  a  great  deal  of  research  that  shows  that  the  ability  to  solve  standard  text- 
book problems  does  not  necessarily  imply  a  functional  understanding  of  the  sub- 
ject matter.  How  much  does  instruction  in  how  to  solve  problems  contribute  to 
student  understanding  of  concepts  and  representations?  Does  practice  in  solving 
standard  textbook  problems  promote  the  development  of  scientific  reasoning  abili- 
ty so  that  a  student  can  reason  successfully  about  i»cw  situations?  What  happens 
when  problems  are  presented  that  cannot  be  solved  by  the  patterns  taught? 

A  computer  can  remember  and  quickly  retrieve  a  series  of  long  and  extremely 
complicated  rules.  Will  the  student,  when  removed  from  the  computer,  be  able  to 


268 


Physics  Education  Research  and  Computers 


remember  and  apply  ^  rul^-ba^Jcd  model  that  may  not  have  a  strong  conceptual 
unity?  Is  it  possible  that  the  use  of  the  computer  to  teach  students  how  to  solve 
problems  may  encourage  routine  application  of  formulas  without  enhancing  under- 
standing? Yrhen  students  attempt  to  follow  prescribed  procedures,  aie  fhey  think- 
ing of  the  physics  involved  or  is  their  attention  mostly  devoted  to  recalling  and 
following  directions?  Is  it  realistic  to  expect  that  we  can  help  novices  become 
experts  by  teaching  them  a  set  of  procedures?  Perhsps  expert  performance  cannot 
be  adequately  described  in  terms  of  the  sum  of  its  identifiable  characteristics. 

How  does  the  passage  of  time  affect  retention  of  learning  by  computer-based 
instruction?  For  example,  is  it  possible  that  the  difference  in  performance  between 
the  students  who  used  the  video  version  of  the  geometrical  optics  lesson  and  those 
who  did  not,  might  disappear  if  testing  were  to  be  repeated  at  a  later  date  instead  of 
immediately  after  the  lesson?  Perhaps  simultaneous  presentation  of  a  phenomenon 
and  its  scientific  representation  is  much  more  effective  for  short-term  learning  than 
for  long-term  retention.  Of  course,  the  question  of  long-term  learning  should  be 
asked  with  respect  to  any  instructional  strategy.  But  the  same  consideration  applies 
to  problem  solving,  whether  taught  by  prescription,  by  a  rule-based  model,  or  by 
any  other  method.  If  problem  solving  really  is,  as  many  physicists  believe,  the 
most  important  skill  developed  during  physics  instruction,  then  it  is  important  to 
determine  how  long  the  process  learned,  will  be  remembered. 

Computer  as  Tool  for  Doing  Research 

The  discussion  in  the  previous  section  focuses  on  the  use  of  research  to  provide 
guidance  for  instructional  design.  Here  we  look  at  the  computer  as  a  means  for 
doing  research,  rather  than  as  the  beneficiary  of  research.  The  computer  has  beca  a 
research  tool  for  many  years  in  basic  cognitive  research,  where  it  has  been  used  to 
model  human  cognition.  Recently  the  computer  has  also  begun  to  be  used  as  a  tool 
to  extend  the  scq)e  of  empirical  investigations,  to  aspects  of  student  understanding 
inaccessible  through  other  means.  The  examples  below  illustrate  how  the  computer 
program  can  drive  research. 

Construction  of  Models  of  Cognition 

Cognitive  scientists  use  computers  to  build  models  that  can  study  human 
thought.  For  c  ample,  in  studies  on  problem  solving,  the  computer  may  be  used  to 
simulate  differences  between  novice  and  expert  behavior  and  to  construct  a  dynam- 
ic perfomnance  model  for  the  aansition  from  one  to  the  other.  Insights  obtained  in 
this  way,  may  be  used  to  develop  intelligent  tutoring  systems  for  facilitating  this 
transition.  This  work  is  mentioned  here  only  briefly  since  the  main  emphasis  in  this 
paper  is  on  prototype  research. 

A  specific  illustration  of  this  type  of  research  is  provided  by  the  work  f  f  J. 
Larkin.22  She  has  designed  the  program  Able  that  can  "leani"  from  solving  succes- 
sively more  complicated  problems  in  mechanics.  Having  solvul  a  problem,  the 
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computer  records  the  method  used  in  memory.  The  next  time  it  encounters  a  simi- 
lar problem,  it  arrives  at  the  solution  more  rapidly.  Thus  the  program  gradually 
develops  into  a  more  expert  prcjram:  More  Able,  Larkin  and  several  collaborators 
have  also  produced  a  more  recent  program  Fermi,  that  incorporates  more  general 
problem-solving  procedures.23  These  can  be  ^plied  to  problems  in  different  topics 
in  physics,  such  as  fluid  statics  or  electric  circuits. 

Investigation  of  Student  Understanding 

The  Physics  Education  Group  at  the  University  of  Washington  has  begun  using 
materials  designed  for  computer-based  instruction  as  investigatory  tools.  In  some 
preliminary  studies,  D.  Grayson  has  utilized  the  computer  to  investigate  student 
difficulties  with  some  of  the  more  subtle  aspects  of  the  graphical  representation  of 
real  motions.  A  new  computer  program  in  the  c.  ^iy  stages  of  development  is  also 
currently  being  used  to  probe  student  understanding  of  wave  motion. 

Graphs  of  Simulated  Moving  Objects 

During  individual  interviews,  students  who  had  studied  kinematics  in  one  of  the 
laboratory-based  courses  taught  by  the  group,  were  shown  part  1  of  an  early  ver- 
sion of  Graphs  and  Tracks.^  This  version  differs  from  the  one  discussed  earlier  in 
the  p2^r  in  that  it  does  not  function  as  a  tutorial.  The  program  provides  no  assis- 
tance to  students  who  have  difTiculty  with  the  tasks. 

Each  student  was  shown  three  position-versus-time  graphs  ancJ  asked  to  arrange 
the  tracks  so  that  the  motion  of  the  ball  generates  the  given  graphs.  Figure  1  shows 
the  gr2q)h  contained  in  the  first  example  given  to  the  students,  together  with  the 
correct  U^ick  configuration  and  initial  conditions  needed  to  produce  the  graph. 
Initially,  the  ball  must  have  a  negative  velocity,  which  diminishes  gradually  until 
the  ball  reverses  direction.  The  velocity  then  becomes  positive  and  continues  to 
increase. 

Nearly  half  the  students  tried  to  make  the  ball  move  entirely  in  the  positive 
direction.  By  inclining  the  first  section  of  the  Uack  upward,  as  shown  in  Figure  2, 
they  tried  to  make  the  ball  slow  down  but  not  turn  around.  With  the  range  of  initial 
conditions  possible,  however,  the  ball  cannot  be  given  a  high  enough  velocity  to 
continue  moving  forward.  The  resulting  curve  generated  by  the  ball  is  shown  in 
Figure  2  at  the  lower  left  of  the  example  graph.  Some  of  the  students  who  tried  to 
make  the  ball  move  only  in  the  forward  direction,  were  able  to  give  a  correct  ver- 
bal description  of  the  motion  depicted  in  the  example  graph.  However,  they  did  not 
seem  to  recognize  that  aliha.^h  the  graph  extends  towvd  *he  right  along  the  time 
axis,  it  reverses  direction  along  the  jc-axis.  Hence,  the  motion  must  reverse  direc- 
tion in  space.  A  similar  difficulty  had  emerged  in  earlier  i'^tcrviews  in  which  real 
balls  and  tracks  were  used.  It  was  the  computer-based  interviews,  however,  that 
helped  elucidate  how  the  sUidents  were  thinking  when  they  apparently  ignored  the 
reversal  in  direction  depicted  in  the  example  graph. 
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Graph  presented  to  students  during  computer-based  interviews 
and  the  correct  track  configuration  for  producing  this  graph. 


The  x-versus-/  graph  that  was  presented  to  the  students  in  the  secoiid  task,  is  a 
parabola  that  ends  in  a  straight  line.  Curve  A  in  Figure  3  represents  this  graph,  and 
the  accompanying  track  configuration  is  one  that  will  produce  that  graph.  Thus, 
curve  A  repr'esents  motion  up  and  down  a  straight  inclined  track,  ending  on  a  level 
section.  Me^v  of  the  students  were  able  to  produce  an  incline  that  sloped  upward 
to  yield  a  parabola  that  was  approximately  the  right  shape  but  was  either  too  broad 
or  too  narrow.  The  way  in  which  the  stud^ts  attempted  to  alter  the  width  of  the 
parabola  to  match  the  original  graph*  indicated  that  they  could  not  properly  relate  a 
change  in  the  shape  of  the  gr£^h»  u>  a  change  in  the  physical  situation.  For  exam- 
ple»  half  of  the  students  who  wanted  to  make  the  curve  less  broad»  tried  to  do  so  by 
increasing  the  initial  velocity.  However^  as  shown  by  curve  B  in  Figure  3»  increas- 
ing the  velocity  broadens  the  graph.  The  larger  the  initial  velocity  for  a  given 
incline,  the  further  the  ball  will  travel  up  the  incline  and  the  longer  it  will  takis  to 
turn  around 
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Figure  2.    Graph  presented  to  student  during  computer-bav^.ed  interviews. 

This  incorrect  track  configuration  was  produced  by  students  who 
tried  to  make  the  ball  nr^ove  only  in  the  forward  direction.  Within 
the  range  of  initial  conditions  pr^nible,  the  ball  always  reverses 
direction  and  generates  a  small  curve  similar  to  the  one  at  the 
tower  left. 

In  the  third  task,  the  students  were  shown  a  symmetric  curve.  Almost  half  the 
nudenis  did  not  recognize  that  because  the  graph  was  symmetrical,  the  track 
arrangement  that  would  prodijce  it  also  hpd  to  be  symmetrical.  Thus  we  may  spec- 
ulate that  symmetry  arguments,  whkh  ar  used  often  by  physicists,  are  not  intu- 
itive for  students. 

The  semiquantitative  types  of  difTiculties  noted  during  the  interviews,  could  not 
have  been  observed  without  the  computer.  The  instant  feedback  feature  of  the  pro- 
gram enabled  the  interviewer  to  observe  the  strategies  that  the  students  used  in  try- 
ing to  altef  their  incorrect  hypotheses.  In  a  laboratory  situation,  it  would  have  been 
difficult,  if  not  impossible,  to  make  these  observations.  Moreover,  use  of  the  pro- 
gram as  ail  investigatory  probe  served  to  point  out  where  help  sequences  should  be 
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Figure  3.  Curve  A  corresponds  to  the  corr'^ct  track  cc  nfiguration  needed  to 
reproduce  the  given  graph.  Curve  B  results  from  an  initial  velocity 
that  is  too  large. 


inserted  and  what  the  content  should  be.  These  additions  strengthened  the  program 
by  making  it  more  responsive  to  student  needs. 

Graphs  of  .Student-Generated  Motions 

In  another  set  of  interviews,  24  students  who  had  expehmented  with  balls  and 
trac*"^  in  the  laboratory,  were  shown  the  four  position  *versus-time  graphs  in  Figure 
4.5  They  were  asked  fir  \  to  describe  how  they  would  have  to  move  thru-  bodies  to 
reproduce  the  graphs  and  then  to  replicate  them  by  moving  in  front  of  an  MBL 
motion  detector.  When  thty  were  satisfled  that  they  hyi  produced  a  good  match  to 
the  given  graphs,  they  were  to  write  a  description  of  hov/  they  had  actually  moved. 

In  order  to  {nvxluce  the  flrst  graph  (Figure  4a),  the  student  must  stand  sdll  at  a 
position  close  to  the  detector,  move  away  at  a  constant  speed,  and  then  stand  still 
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Figurs  4.    Using  an  MBL  ^^otion  dciector,  students  were  asked  to  nnove 
their  bodies  to  replicate  the  four  graphs  shown. 


agaiit  For  the  second  graph  (Figure  ^b),  the  student  should  start  fairly  close  to  the 
detector,  move  away  very  slowly  initially,  and  then  continue  moving  away  wiA 
incitrsing  speed.  The  third  graph  (Figure  4c)  represents  motion  toward  the  dttec 
tor  at  constant  speed.  The  fourth  graph  (Figure  4d)  rcqui^s  walking  away  from  tfe 
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detector  at  an  increasing  speed,  slowing  down,  changing  direction,  speeding  up  a 
•ittk,  and  then  walking  at  constant  speed. 

Although  eventually  almost  all  the  students  were  able  to  pixxluce  a  correct  set 
of  four  graphs,  observation  of  their  attempts  revealed  three  general  types  of  diffi- 
culties. One  fourth  of  the  suidents  initially  ignored  their  predictions  and  attempted 
to  produce  the  desired  gr^  by  trial  and  error,  almost  as  if  they  were  playing  a 
video  ganic.  Sometimes  students  s^peared  not  to  notice  that  the  graphs  they  gener- 
ated did  not  correspond  in  detail  to  the  given  graphs.  The  steepne^  of  a  line  or 
shallowness  of  a  curve  were  either  not  considered  important  or  the  changes  needed 
to  make  the  gr^hs  maich  more  closely  could  not  be  envisioned. 

In  their  written  comments,  some  of  the  students  demonstrated  a  f^-ndency  to 
describe  their  motions  in  terms  of  their  expectations  rather  than  in  terms  of  how 
they  actually  moved.  For  example,  in  trying  to  reproduce  c'tiiicular  graph,  the 
students  might  state  that  they  were  speeding  up  as  they  had  predicted  would  be 
necessary.  However,  they  might  actually  be  moving  at  constant  speed.  It  is  interest- 
ing to  speculate  whether  perceiving  one's  own  motion  properly  may  require  a  dif- 
ferent type  of  judgment  than  analyzing  the  motion  of  extei  lal  objects.  If  this  is  the 
case,  it  might  be  especially  important  that  MBL  activities  always  involve  two  or 
more  students  so  that  they  can  help  one  another  relate  their  interna!  kinesthetic 
sense  to  the  motion  that  an  observer  would  see. 

Graphs  of  Transverse  Fulf.es 

Developmerii  of  Pukes  on  a  String  was  begun  without  an  established  research 
base.  In  designing  the  program,  D.  Grayson  wa5  guided  by  an  instructional  suategy 
already  tested  and  in  use  in  courses  taught  by  the  Physics  Education  Group. 
Drawing  on  her  teaching  experience  with  these  materials,  she  produced  a  prelimi- 
nary version  of  a  program  to  h^Ip  students  learn  to  draw  and  interpret  different 
graphical  representations  of  a  transverse  pulse  moving  along  a  string.  At  A.  Arons' 
suggestion,  the  program  focuses  on  asymmetric  pulses.  If  a  pulse  on  a  string  is 
symmetric,  a  student  need  never  distinguish  between  the  graphical  representation 
of  the  transverse  displacement  as  a  function  of  position  or  as  a  function  of  time. 
Since  the  transverse  displacement  dqx^nds  on  both  variables,  one  needs  to  be  heM 
constant  whil<»  ^e  effect  of  varying  the  other  is  studied.  Such  experiments  are  vei^ 
difficult  to  do  in  the  laboratory. 

The  original  incentive  for  designing  the  program  vas  to  use  the  computer  to 
implement  a  written  exercise  that  had  proved  to  be  instructive  but  tedious  in  the 
classroom.  However,  it  was  considered  crucial  that  the  computer  noi  do  the  think- 
ing for  the  student  Thus  it  was  necessary  to  differentiate  between  activities  that 
require  thinking  and  that  are  essential  for  learning  and  those  that  arc  merely 
drudgery.  In  working  through  Pulses  on  a  String,  students  must  generate  graphs 
point  by  point  but  they  do  not  have  to  perform  repetitive  calculations.  The  comput- 
er plays  the  role  of  an  accurate  plotter. 

The  program  asks  the  student  to  create  a  pulse  on  a  string  either  by  using  the 
graphing  palette  or  by  choosing  the  example  pulse,  which  is  asymmetric.  The 
^    graph  of  y  (transverse  displacement)  versus  x  (position  along  the  string)  represents 
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the  diape  of  the  string  at  a  particular  time.  We 

of  the  string  at  that  time.  I¥oin  the  grsq[)h  of  y  versus  x,  the  student  has  the  option  of 
plocting  three  diffimnt  gra4)hs  for  a  pulse  moving  to  the  right:  y  versus  /,  v  (trans- 
verse velocity)  versus    and  v  versus  x  Figure  S  shows  a  graph  of  the  example 


yvs  X 


vs 
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Figure  5.  The  exaoiple  graph  of  transverse  displacement,  y,  versus  position 
along  the  string,  x,  is  shown  at  the  top.  Below  it  are  correspond- 
ing gr  ohs  of  transverse  displacement  versus  time  for  the  point 
l&beleo  A,  transverse  velocity  versus  position  along  the  string, 
and  transverse  velocity  versus  time. 
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pulse  together  with  the  three  derived  graphs.  As  can  be  seen,  there  is  a  reversal  in 
shape  between  each  set  of  graphs:  y  versus  x,  and  y  versus   and  v  versus  x,  and  v 
versus  L  Raits  of  the  palse  at  larger  values  of  x  pass  a  given  point  on  the  string  at 
earlier  times. 

To  plot  the  y-versus-/  graph,  the  student  focuses  attention  on  one  point  on  the 
string.  When  the  student  marks  that  point  with  the  mouse,  the  >-co<^dinate  is 
immediately  plotted  by  the  computer  on  the  y-versus-/  gr^h  at  the  ai^opriate 
value  of  u  The  student  then  moves  the  pulse  forward  and  repeats  the  process  until  a 
complete  pulse  is  generated  on  the  y- versus*/  gr^.  This  is  illustrated  in  Figure  6. 
The  other  two  graphs  aie  produced  in  a  similar  way  excqa  that  it  is  the  change  in 
y,  rather  than  y,  that  the  student  marks  with  the  mouse.  Rom  the  tiansverse  dis- 
placement and  the  time  between  snapshots,  the  computer  calculates  ihe  velocity 
and  plots  v  at  the  sqypropriate  value  of  x  or  /.  Before  plotting  a  graph,  the  student  is 
isked  to  predict  the  sh^  and  to  draw  a  sketch  that  remains  on  the  screen.  Thus 
the  student  can  make  a  direct  comparison  between  the  prediction  and  the  actual 
graph  that  is  generated  point  by  point 

Pulses  on  a  String  was  used  with  a  class  of  20  in-service  middle  and  high 
school  teachers  after  diey  had  studied  kinematics.  The  teachers  were  specifically 
asked  to  relate  the  concepts  they  had  learned  in  kinematics  to  the  concepts 
involved  in  the  program.  Although  no  formal  research  was  conducted,  observations 
made  by  the  staff  indicate  that  the  program  has  promise.  Many  of  the  teachers 
claimed  that  this  experience  on  the  computer  helped  them  reinforce  and  extend 
their  understanding  of  the  kinematical  concepts.  They  also  recognized  and  could 
explain  the  reversal  in  shq)e  of  the  graph  that  results  from  switching  the  indepen- 
dent variable.  If  these  preliminary  results  are  borne  out  in  subsequent  research,  an 
argument  might  be  noade  that  it  is  possible  and  perhaps  even  desirable  in  teaching 
introductory  physics  to  introduce  the  study  of  wave  rnodon  immediately  after  kine- 
matics. Hence,  an  ;.nportant  part  of  the  background  neede'^  for  the  teaching  of 
modem  physics  would  be  in  place  early  in  the  course. 

At  the  same  time  as  it  is  being  developed.  Pulses  on  a  Siring  is  being  used  as  an 
investigatory  probe  to  explore  student  understanding  of  wave  motion.  Its  use  with 
students  thus  serves  the  dual  purpose  of  identifying  student  difflculdes  with  the 
su;iject  noatter  and  providing  formative  evaluadon  for  program  develq)ment.  The 
prc>gram  may  also  be  a  useful  tool  for  examining  student  understanding  beyond  the 
topic  of  waves.  There  are  very  few  contexts  in  which  introductory  physics  students 
encounter  funcUon?  of  two  variables.  Projecdle  modon  is  one  such  context;  wave 
motion  is  another.  Thus,  use  of  the  program  with  an  appropriate  questioning 
sequence  may  yield  insights  into  difficulties  with  interpreting  the  effect  of  chang- 
ing om  variable  when  the  other  is  kept  constant 

Suggestions  for  Future  Research 

Recent  advances  in  technology  have  greaUy  expanded  the  variety  and  quantity  of 
instrucdonal  programs  produced  for  the  computer.  Improvements  such  as  enhanced 
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Figure  6.    Illustration  of  the  process  by  which  the  graph  of  y  versus  t  is  gen- 
erated from  the  graph  of  y  versus  x. 

giaphics  capability,  increased  speed  of  execution,  simpler  programming  languages, 
more  powerful  woric  stations  and  microcomputers,  new  microcomputer-based  labo- 
ratory tools,  etc.,  have  greatly  increased  the  educational  potential  of  the  computer. 
These  same  advances  have  brought  the  computer  into  research  in  physics  educa- 
tion and  also  expanded  its  scope.  The  technology  available  today  has  already  had 
an  effect  on  the  type  of  research  being  done,  and  it  has  created  new  possibilities  for 
the  future. 

Using  a  computer  {rogram  to  do  research  allows  us  to  control  our  research  so 
that  wc  confront  every  student  with  exactly  the  same  data.  In  a  laboratory-centered 


^92 


278 


Physics  Education  research  and  Connputers 


interview,  on  the  other  hand,  the  possibility  exists  that  data  might  not  have  been 
obtained  under  exactly  the  same  set  of  ciicumstances  for  each  student  Unlike  a 
laboratory  situation*  in  a  computer-based  presentation  of  tasks  we  can  eliminate 
mechanical  failures  or  influence  by  the  investigator.  We  can  thus  direct  our  atten- 
tion toward  substantive  issues  and  the  more  subtle  aspects  of  a  student's  response. 
Instead  of  concentrating  on  a  uniform  presentation  of  the  task,  we  can  focus  on  the 
line  of  reasoning  used  by  the  student  and  expkne  the  role  of  higher-order  thinking 
skills  that  may  be  involved.  Furthermore,  once  a  computer  task  is  p^ected*  we 
can  extend  testing  to  large  numbers  of  students.  Broadening  the  student  population 
increases  the  level  of  confidence  in  the  validity  of  any  generalizations. 

There  are  many  issues  that  should  be  addressed  by  research  in  addition  to  the 
examples  of  research  that  have  been  described  in  the  paper  and  to  the  questions 
raised  within  the  context  of  the  discussion.  Some  are  general  and  pertain  to  an 
entire  instructional  approach  or  to  a  whole  group  of  programs.  Others  are  more 
nani)wly  focused  and  refer  to  specific  subject  matter. 

Some  general  subjects  for  inquiry  are  related  to  the  building  of  models  of 
human  problem-solving  behavior  Is  there  sufficient  similaiity  between  a  computer 
program  and  a  human  mind  that  computer  modeling  is  likely  to  yield  useful 
insights  for  instmction?  Will  success  in  building  an  expert  problem  solver  on  the 
computer  help  us  significantly  improve  our  understanding  of  how  people  solve 
problems?  Having  identified  the  skills  that  experts  possess,  the  computer  may  be 
programmed  to  exercise  those  skills  and  to  solve  a  certain  class  of  physics  prob- 
lems. Does  it  follow  that  teaching  these  skill.*;  to  students  will  leau  to  the  same 
level  of  proficiency? 

Another  group  of  questions  relates  to  the  building  of  computer  microworlds, 
models  of  real  or  artificial  situations  with  which  students  can  gain  interactive  expe- 
rience. Does  practice  in  a  special  computer  environment  (e.g.,  a  Newtonian 
microworid)  really  impx'ove  student  understanding,  or  does  it  only  imprr^-e  perfor- 
mance on  a  computer  activity?  Is  the  student  engaged  at  a  deep  intellectual  level  or 
merely  acquiring  a  skill  that  does  not  transfer  to  other  situations?  Will  the  experi- 
ence have  a  lasting  effect?  Can  what  has  been  learned  by  manipulation  in  a 
microworid  be  articulated  by  the  student  in  terms  of  the  concepts  and  principles  of 
physics? 

Examples  of  questions  of  a  more  specific  nature  arise  in  the  context  of  modem 
or  contemporary  physics.  Many  concepts  require  a  level  of  abstraction  that  cannot 
be  readily  represented  in  traditional  instruction.  The  computer  can  help  students 
construct  highly  formal  concepts  by  providing  visual  models  that  can  serve  as  a 
foundation.  The  computer  can  also  give  students  experience  in  applying  these  con- 
cepts to  representations  of  inaccessible  phenomena,  both  those  that  are  real  and 
those  that  are  idealized.  In  tum,  computer  programs  that  have  been  developed  for 
such  instruction  can  be  used  to  investigate  student  understanding  of  the  concepts. 
There  is  a  special  need  for  such  research  at  this  time.  If  we  plan  to  extend  the  cur- 
riculum of  introductory  physics  to  include  special  relativity,  statistical  physics,  or 
quantum  mechanics,  we  should  consider  carefully  what  students  arc  likely  to  And 
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most  difficult  in  studying  those  topics  and  design  instructional  materials  according- 
ly- 


Conclusion 

It  is  an  enormous  intellectual  challenge  to  build  into  ..  computer  program  the 
knowled^  of  the  subject  matter,  of  the  student,  and  of  the  strategies  that  aie  essen- 
tial for  effective  teaching.  There  is  a  need  for  research  to  identify  specific  student 
difficulties  and  for  research  lo  develop  and  test  instnxtiona  strategies  that  address 
th^TU  When  possible,  implementation  of  an  instructional  procedure  on  the  comput- 
er should  take  place  after  preliminary  trials  in  the  classroom  or  laboratory.  It  is  crit- 
ically important  that  testing  with  students  continue  throughout  development  of  a 
computer  program.  The  long  time  required  to  produce  computer-based  materials 
should  be  invited  in  only  the  most  promising  approaches. 

Research  and  development  are  more  likely  to  yield  useful  results  when  carried 
out  concurrently  and  continuously  in  an  instructional  setting.  Of  course,  the  inter- 
action of  these  components  is  important  not  only  for  the  design  of  good  compuier 
programs  but  for  producing  effective  printed  materials  as  well.  Moreover,  when 
both  types  of  instructional  materials  are  developed  in  the  same  environment,  there 
is  the  additional  advantage  that  feedback  from  one  can  benefit  both.  A  fiow  chart 
that  shows  the  iterative  process  appears  in  I^gure  7. 

The  computer  offers  the  distinct  advantage  of  making  interactive  one-on-one 
instrucUon  feasible  for  large  numbers  of  students.  It  makes  possible  certain  types 
of  instruction  not  available  in  any  other  way.  The  opportunities  for  visualization 
can  be  a  great  oiu  in  teaching  material  that  requires  a  high  level  of  abstraction.  For 
some  students,  the  computer  provides  an  environment  that  is  more  comfortable  and 
nonthreatening  than  the  traditional  classroom  or  lecture  hall.  These  advantages 
provide  reasons  for  c^timism,  but  they  do  not  guarantee  improvement  in  the  quali- 
ty of  instruction.  There  is  a  need  for  research  to  examine  precisely  what  is  occur- 
ring intellectually  while  the  student  works  at  the  computer.  In  the  process  of 
looking  critically  at  computer-based  instruction,  we  may  learn  a  great  deal  about 
what  we  should  and  should  not  do  in  the  teaching  of  physics,  regardless  of  the 
mode  of  instruction. 
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Assisted  Instruction 
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Curiivulum  development  has  always  been  part  art,  part  science,  part  trial  and  error, 
and  part  commai  sense.  Development  of  computer-assisted  instruction  will,  no 
doubt,  require  the  same  mix.  The  best  examples  of  physics  materials  embody  both 
inspiration  and  methodology.  Typically,  they  have  been  nurtured  in  an  insuiictional 
setting  over  a  period  of  several  years,  have  had  extcnsi  testing  at  numerous  sites, 
and  have  imd^one  many  cycles  of  improvement. 

A  relatively  new  approach  in  curriculum  development  has  been  to  incorporate 
results  from  research  in  physics  education.  Using  this  approach,  developm^t  of 
educational  software  can  be  guided  by  research  jus  .  traditional  instruction  can. 
The  computer  has  made  curriculum  development  more  difficult,  but  has  given  us  a 
new  and  potentially  very  powerful  asset  for  physics  education.  The  complexity  of 
software  development  has  made  a  grounding  in  research  all  the  more  important. 

This  pap2r  illustrates  one  example  of  our  effort  to  apply  research  results  to  the 
development  of  computer-assisted  instruction.  We  refer  the  reader  to  some  research 
into  student  difficulties  with  graphs  of  motion  and  th^  describe  some  insuiictional 
software  tliat  addresses  those  difficulties.  The  software  package.  Graphs  and 
Tracks^  teaches  elementary  concepts  of  graphing  position,  velocity,  and  accelera- 
tioii  versus  time  for  simple  one*dimensional  motion.  Use  of  this  program  in  a  labo- 
ratory-centered course  has  guided  ongoing  development  and  has  suggested  ways  of 
integrating  this  and  other  computer  materials  into  existing  courses. 

EMC 

PQ7 


Trowbridge  283 


I  ocus 

The  goal  of  curriculum  development  is  (o  improve  the  leaching  of  physics. 
Computers  may  be  able  to  help,  provided  we  have  a  clear  idea  of  what  we  are  try- 
ing to  accomplish.  To  understand  the  instructional  process  better,  one  must  exam- 
ine both  on  what  the  teacher  is  doing  and  on  what  the  student  is  doing.  Likewise, 
when  choosing  an  area  in  which  to  use  computers  in  instruction,  one  may  attempt 
to  automate  some  of  the  functions  of  a  tear;her,  or  to  create  learning  activities  that 
enable  the  student,  indq)endently  of  the  teacher,  to  engage  in  activities  conducive 
to  learning. 

While  others  are  focusing  attention  on  what  highly  skilled  teachers  do  in  the 
classroom,  we  have  chosen  to  focus  on  what  students  do  when  they  learn  physics. 
Current  research  on  student  difficulties  suggests  that  it  is  useful  to  watch  students 
carefully  as  Uiey  engage  in  learning  activities  or  confront  tasks  during  individual 
demonstration  interviews.  In  doing  so,  one  can  sometimes  infer  what  students  are 
thinking.  We  can  begin  to  answer  questions  such  as:  What  beliefs  do  students  have 
about  the  physical  world?  How  do  they  s^ply  their  current  concq)tual  framework 
to  physical  situations?  In  what  situations  do  their  reasoning  skills  work,  and  where 
do  their  skills  break  down?  Where  are  the  gaps  in  their  understanding  of  phy2:ical 
concepts? 

For  the  development  project  described  in  this  paper,  we  have  drawn  from  obser- 
vations of  what  students  do  with  activities  in  a  laboratory-centered  physics  course, 
from  reports  of  their  respon5&.s  to  oral  questions  in  individual  demonstration  inter- 
views, and  from  studies  of  their  responses  to  conceptually  oriented  written  ques- 
tions. From  thiS;  we  have  tried  to  identify  critical  learning  experiences  that  arc 
necessary  to  achieve  deeper  levels  of  understanding  of  a  particular  cubject.  We 
have  developed  a  pair  of  highly  interactive  graphical  programs.  Graphs  and 
Tracks  I  and  //,  that  facilitate  those  experiences. 


Research  Basis 

Researchers  in  physics  and  mathematics  education  have  documented  several  com- 
mon difficulties  students  have  with  drawing  graphs  of  motion.!  Certain  kinds  of 
misconceptions  are  widespread  and  highly  predictable.  A  few  of  these  difficulties 
are  reported  in  a  recent  paper  by  McDcrmoll,  Roscnquist,  and  van  Zee?  In  one 
series  ot  'Jivestigations,  students  observed  a  ball  that  rolled  along  an  arrangenrcnt 
of  level  and  inclined  sections  of  track.  They  were  then  asked  to  sketch  graphs  of 
the  motion.  The  apparatus  is  shown  in  Figure  1 ,  along  with  a  correct  graph  of  posi- 
tion versus  time. 

Students  displayed  a  variety  of  difficulties,  including:  not  representing  continu- 
ous motion  by  a  continuous  line;  not  distinguishing  the  shape  of  a  graph  from  the 
path  of  the  mouon;  and  not  representing  the  continuity  of  velocity  (i.e.,  kinks  in  a 
position  versus  time  plot).  Figure  2  illustrates  some  common  incorrect  graphs. 
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Figure  1.    Apparatus  used  to  probe  student  difficulties,  with  sketch  of  cor* 
recr  graph  (not  shown  to  students). 


Some  students  did  not  fiilly  understand  what  a  point  on  an  x-vcrsus*/  gn^  itp- 
resents,  or  what  the  hvtomtal  axis  lepitsents.  Given  the  oppoitunity  to  take  mea< 
surements  using  meter  sticks  and  clocks,  some  students  plotted  distances  traveled 
ak»g  each  of  the  three  track  sections  (lather  than  positions)  versus  ckick  readings, 
as  in  Figure  2a,  without  regard  for  the  continuous  nature  of  the  motion.  Others 
drew  tjnftis  that  resembled  the  ^bapt  of  the  tracks,  as  in  Figure  2b.  Some  believed 
thai  ihe  first  and  third  straight-line  segnients  in  their  jc  versus  /  gra^ 
afld*  because  the  first  and  third  track  sections  were  parallel  Others  thought  that 
the  middle  segment  of  their  graph  should  be  straight,  because  the  m  iddle  track  sec- 
tion was  straight  Their  reasons  were  evident  in  questioning  during  interviews.  One 
of  the  most  common  errors  with  x-versus-/  graphs  was  to  neglect  trying  to  match 
sk)pes  of  adjoining  ^gments,  as  in  Figure  2c.  A  number  of  other  difficulties  con* 
cemed  velocity  and  acceleration  graphs  and  translation  among  different  graph 
types. 

Gosely  allied  research  on  suidents*  understanding  of  gnv>hs  of  functions  con* 
ducted  among  first-quarter  calculus  suidents  shows  that  only  about  half  can  cor- 
rectly interpret  a  graph  of  a  simple  monotonic  function  of  time.^  Even  among 
honors  phystes  students,  after  regular  instriction  in  kinematics,  only  30  percent 
can  sketch  a  reasonably  correct  position-versus-time  graph  for  a  simple  motion 
demonstrated  on  an  inclined  air  track.^ 


An  Example  of  Research-Based  Software 

Graph  and  Tracks  consists  of  two  programs  deigned  to  address  the  difficdiies 
described  above:  Trom  Graphs  to  Motion**  and  Trom  Motion  u>  Grs^hs.** 
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a«  Ndlfqm»cntingcontinous 
mocioii  fay  a  continuous  line 


b.  NotsqMffktingAesbi^ofa 
gn^  ftom  the  path  of  the  motion 


c.  Not  iqmsvndng  continuity 
of  velocity 


Figiiiv  2.   Exaniplat  of  incorrect  student  grapht. 
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Part  1:  'From  Graphs  to  Motion* 

I«i  Grq>hs  and  Tracks  1  students  incopret  motion  gnphs  by  generating  motions 
thai  coneflpond  to  a  set  of  given  graphs.  The  program  dispbiys  graphs  of  position* 
velocity  and  acceleration  for  a  number  of  examples  of  rectilinear  motion  (see 
FIguie  3).  Students  aie  presented  with  an  adjustable  set  of  sloping  tracks  and  with 
scalea  of  initial  position  and  initial  velocity.  The  students*  task  is  to  set  up  an 
anamemeni  of  tracks  and  suitable  initiak  conditions  ao  that  when  a  ball  rolls  on 
those  tracks*  the  gf^ihs  it  gaierates  match  the  given  graphs*  Students  use  a  n 
to  adjust  the  iGcline  of  the  ramps  and  to  sec  the  initial  position  and  initial  vek)city 
of  die  ball  Upon  releasing  the  baD,  students  see  a  grifA  generated  oil  th^ 
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the  ball  is  moving.  Students  can  see  immediately  whether  their  graphs  differ  from 
the  given  graph. 

Design  of  this  program  was  based  on  a  labofatoiy  exmtse  in  which  sn^dents 
were  ^x>wn  gnqjhs  on  p^r  and  asked  to  construct  an  2q)paratiis  consist^ 
balls  nrilingakng  aluminum  U-channels  that  would  flhistrate  the  motion  ^wn  in 
the  grq>hs.  While  !his  technique  was  instructive,  it  was  very  time  consuming. 
Students  could  perform  only  two  or  three  experiments  during  a  class  period,  and 
the  time  availabte  for  thinldng  about  the  correspondence  between  leal  nM)^^ 
graphs  was  limited.  In  addition,  the  number  of  experiments  that  students  could  do 
was  limited  by  the  number  of  teaching  staff  available  to  evaluate  each  student's 
work* 

Graphs  and  Tracks  I  contains  several  examples  of  motion,  from  simple  to  more 
complex.  In  addition,  it  can  to  save  any  example  of  motion  the  student  is  able  to 
generate  using  the  adjustable  tracks.  Thus  the  student  may  create  any  example  that 
he  or  she  finds  instructive  or  would  like  to  use  to  challenge  another  student  We 
discovered  during  field  testing  that  this  mode  of  usage  was  eq)ecially  motivating 
with  those  students  who  enjoyed  the  competition.  Alternatively,  an  instructor  can 
use  this  program  to  create  a  set  of  exercises  for  students  for  homework  tiuizzcs  or 
classroom  activities. 

A  help  facility  provides  specific  suggestions  for  correcting  errors.  It  works 
equally  well  for  any  problem  that  can  be  entered  using  the  adjustable  tracks. 
Students  may  request  help  a  liule  at  a  time,  or  continuously.  Some  students,  who 
reached  an  impasse  felt  strongly  that  they  wanted  only  one  small  hint,  not  a  series 
of  help  messages,  before  returning  to  their  own  solution.  Others  liked  the  continu- 
ous feedback  feature.  The  help  facility  is  completely  general,  so  that  the  program 
generates  help  messages  that  are  specific  to  any  attempted  solution  of  any  problem 
of  this  class. 


Part  2:  "From  Motion  to  Graphs" 

Graphs  and  Tracks  2  poses  the  complementary  task:  given  a  motion  and  a  ver- 
bal description  of  that  motion  (generated  au'orr^^iicillv  by  the  computer),  sketch 
the  corresponding  graphs  of  position,  velocity,  r^.  *  rcrclcration  versus  time  (sec 
Figure  3).  The  graphs  need  not  be  precise  to  be  luo^  d  correct,  but  they  must  rep- 
resent the  most  salient  features  of  the  motion  corrxtly.  For  instance,  an  object  trav- 
eling in  the  positive  x-direction  and  speeding  up  shouid  be  represented  by  an 
upward  curving  x-versus-/  gr^h.  The  program  looks  for  common  kinds  of  errors 
and  gives  appropriate  feedback.  The  facility  for  giving  feedback  is  completely  gen- 
eral; specific  help  that  refers  tu  particular  segments  of  the  suidenfs  graphs  can  be 
automatically  generated  for  any  problem  that  can  be  created  using  Graphs  and 
Tracks  I. 

Students  may  ask  for  feedback  on  their  graphs  at  any  time.  The  program  is  able 
to  evaluate  both  the  overall  qualitative  correctness  of  the  graphs  and  detailed 
attributes  such  as  differentiability  of  x  versus  /  continuity  and  correspondence  of 
segments  among  different  graph  types.  The  cvaluaiioP  facility  of  "From  Motion  to 
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Figura  3.    Graphs  and  Tracks  1  and  2. 
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Gnphs**  was  built  using  the  specific  leseaich  lesults  on  student  difficulties  with 
gjnfbs.^  For  example,  the  program  anticipates  and  gives  feedback  on  suident 
grq)hs  thst  do  not  iqpiescnt  continuous  motion  by  a  continuous  line,  or  do  not  dis* 
tii«Qish  the  ^^pe  of  a  graph  from  the  path  of  the  nx)^ 
coQtinoiQrof  veloci^.  If  the  student  were  to  sketch  the  gn^  shown  in  Figure  2b 
for  the  moikxi  demonstraied  in  Rgure  1,  the  program  would  reqxmd  with  the  fol- 
lowiqg:  *t3ieck  the  second  segment  of  your  x-vorsus-t  graph.  Your  curve  shows 
the  bill  maintaining  a  constant  q)eed** 

Tlie  prognun  uses  a  strata  of  feedback  in  which,  it  finds  errors,  directs  the 
students*  attention  to  a  particular  part  of  their  graph,  and  then  te^ 
would  indicate,  in  contrast  with  what  actually  occurred  in  the  motion.  Just  as 
teadieis  often  do  when  working  individually  with  students,  the  program  usually 
av(rids  tellirig  students  directly  that  they  are  wrong,  but  simply  focuses  their  atten- 
tion on  the  dubious  parts  o^  their  solution.  We  prefer  to  tell  or  show  students  the 
implications  of  their  own  actions  and  let  them  draw  their  own  conclusions. 


Design  Characteristics 

Graphs  and  Tracks  has  a  hands-on  feel  to  it;  the  student  uses  the  mouse  to 
adjust  a  simulated  a^xuatus  and  to  sketch  curves.  We  designed  the  program  to  be 
used  by  students  with  limited  computer  experience.  No  particular  knowledge  of 
corainands  or  ^ial  keys  is  assumed.  Students  can  learn  to  use  the  mouse  for 
pointing  and  making  selections  from  menu  items  simply  by  using  the  program. 
Interactive  instructions  on  how  to  use  the  program  are  contained  in  the  program 
itself,  so  no  user  manual  is  required.  A  help  facility  enables  the  first-time  user  (or 
anyone  wanting  a  review)  to  exercise  each  function  of  the  program.  All  available 
optiotis  arc  described  in  words  and  indicated  on  the  screen  as  icons  or  menu  items. 
No  supervision  of  students  is  required,  but  some  desirable  strategies  for  usage 
(e.g.,  having  students  woric  in  pairs)  can  be  implemented  by  an  instructor. 

Integration  into  the  Curricuium 

The  skills  of  graph  interpretation  that  this  software  addresses,  are  skills  that 
have  been  taught  in  introductory  physics  courses  in  other  ways  for  a  long  time. 
What  is  new  is  the  level  of  wigagement  and  the  amount  of  praci  ice  that  is  oossible 
with  interactive  computer  programs.  Laboratory  experiences  using  actual  equip- 
ment are  essential  for  developing  a  solid  understanding  of  physical  concepts. 
Unfortunately,  In  most  instructional  labs,  students  have  a  limited  opportunity  to 
think  of  experiments  and  try  them  out  A  convenient,  easy-to-use  simulation  pro- 
gram, frees  students  £om  some  of  the  tedium  of  data  collection  and  graphing  and 
enables  them  to  generate  and  test  more  hypotheses.  In  the  area  of  graphs  of  motion, 
the  computer  can  plot  graphs  as  quickly  as  the  motion  itself  evolves. 

Graphs  and  Tracks  is  used  at  the  University  of  Washington  as  an  adjunct  to  the 
kinematics  curriculum  developed  by  the  Physics  Education  Group.5  It  is  used  con- 
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currendy  with  activities  involving  the  tbrc  motion  detector.^  It  seems  to  work  par- 
ticularly well  in  conjuction  with  the  microcomputer-based  laboratory  exercises. 

The  Graphs  and  Tracks  software  package  fills  a  gtq?  between  the  student's 
eve-7day  expmence  with  motion,  and  the  mathematical  treatment  of  kinematics 
presen;^  in  typical  ph^/sks  courses.  U  jHCvides  a  convenient,  easy-to-use  environ- 
ment for  learning  the  qualitative  relaiicnships  between  motion  and  grs^is. 


Summary 

Many  of  the  concepts  of  introductory  physics  are  far  htm  self-evident  to  students. 
In  general,  these  concq}ts  ait  not  learned  merely  by  listening  to  explanations,  no 
matter  how  clearly  articulated  these  instructions  may  be.  Students  seem  to  need  a 
variety  of  experiences,  some  repeated  over  an  extended  period  of  time,  to  acquire 
die  deep  unders  anding  characteristic  of  tiie  trained  physicist.  The  program 
described  herein  i^ffers  one  way  for  students  to  deepen  dieir  understanding  by  hav- 
ing a  direc*  experience  making  connections  between  motion  and  its  graphical 
representatioQ. 

We  L  /e  found  that  a  multifaceted  approach  to  curriculum  development  is  cru- 
cial to  desigmng  instructional  software.  An  ongoing  research  program  for  delving 
into  studeni  difficulties,  an  instructional  setting  in  which  to  inspire  and  guide  the 
creation  of  learning  materials,  and  a  powerful  programming  environment'^  can  be 
brought  together  to  create  good  materials  fo/  introductory  physics  courses.  In  addi- 
tion, we  have  found  diis  and  other  programs,  designed  originally  for  instructional 
use,  to  be  useful  as  research  tools  for  further  investigation  of  smdent  concq)tual 
devek^ment^ 

Many  people  have  contributed  to  the  development  of  Graphs  and  Tracks,  Original  Ideas  for 
these  programs  sprang  from  classroom  activities  developed  by  the  Physics  Education  Group 
at  tJ^a  University  of  Washington.  Some  preliminary  design  was  conducted  at  the  Educational 
Technology  Center  at  the  University  of  California,  Irvine.  Wilfred  Hansen  of  the 
Information  Technology  Center  at  Camegie  Mellon  UnJ-  ersity  implemented  the  first  mouse- 
oriented  version  of  part  1  in  the  C  language.  The  current  programs  wc^e  developed  using  the 
cT  progranuning  environment  (formerly  CMU  Tutor)  from  Camegie  Mellon  University. 
They  currently  run  on  the  Macintosh  family  of  microcomputers  (Mac  Plus,  SE,  II)  and 
UND(  workstations  equipped  with  CMU*s  Andrew  system.  They  will  soon  be  available  on 
th^  TBM-PC  family  as  well.  Bruce  Sherwood  of  the  Center  for  Design  of  Educational 
Computing  at  Camegie  Mellon  has  given  me  generous  assistance  and  support  in  develophg 
this  and  other  programs  in  tlte  cT  language.  This  work  was  supported  in  part  by  NSF  grants 
DP£  84-70081  and  MDR  8<-70166. 
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The  vision  of  computCi^  as  sq)histicatcd  tutors  is  not  new.  More  than  20  years  ago, 
in  a  Scientific  American  article  entitled  "The  Uses  of  Computers  in  Education," 
Patrick  Suppcs  said:  "One  can  predict  that  in  a  few  more  years  millions  of  school 
children  will  have  access  to  what  Phillip  of  Macedon's  son  Alexander  enjoyed  as  a 
royal  prerogative:  the  personal  sci vices  of  a  Uitor  as  well-informed  and  responsive 
as  Aristotle.*** 

More  than  a  few  years  have  passed  since  that  article  was  written,  but  despite 
impressive  advances  in  computer  technology  we  still  cannot  claim  to  have  populat- 
ed the  schoolrooms  of  the  nation  with  a  million  silicon  Aristotles.  Why  not?  In 
part,  the  lack  of  spectacular  success  is  due  not  simply  to  limitations  in  the  capabili- 
ties of  computers,  but  to  limitation'?  in  our  understanding  of  how  successful  stu- 
dents learn  md  how  good  teachers  teach. 

Because  of  Ihe  difficulty  of  providing  sophisticated,  effective  direct  instruction 
with  computers,  many  developers  of  educational  software  have  chosen  not  to 
attempt  tfiis  at  all.  Instead,  they  hnve  developed  other  kinds  of  programs,  such  as 
simulations  and  laborau^  aids,  which  can  be  used  with  guidance  from  a  teacher. 
Many  people  have  come  to  believe  that  it  is  not  possible  to  create  a  truly  effective 
computer  tutor  that  can  deliver  direct  instruction. 
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However,  during  the  two  decades  since  Siqqpes*  paper  appeared,  there  have 
evolved  a  number  of  exciting  strands  of  basic  research  on  the  processes  of  learning 
and  teaching.  This  pq)er  will  exploit  the  impact  of  a  few  of  these  (tevelopments  on 
the  vision  and  the  reality  of  direct  instruction  by  sophisticated  computer  tutors. 


Research  on  Processes 

lliis  paper  discusses  detailed  research  on  the  processes  of  human  learning  and 
problem  solving  in  real  educational  domains,  including  but  not  restricted  to 
physics.  Some  researchers  have  sUidied  novices  and  experts  solving  mechanics 
problems.  Other  woik  h-^s  focused  on  geometry,  reading  comprehension,  elemen- 
tary mathematics,  and  computer  programming.  Instead  of  focusing  primarily  on 
outcomes  of  different  sorts  of  instruction,  this  research  analyzes,  at  a  very  fine 
grain  size,  the  processes  of  solving  problems,  learning,  and  teaching.  Though  the 
undo-lying  aim  of  this  research  is  to  construct  a  fundamental  theory  of  human 
thinking,  it  is  not  just  an  abstract  exercise.  Experiments  have  afafeady  demonstrated 
large,  significant  gains  in  student  performance  due  to  instruction  based  on  such 
detailed  analyses.^ 


Components  of  a  Computer  Tutor 

In  consid^ng  the  potential  'mpp^i  of  such  research  on  the  design  of  instructional 
computer  programs,  we  need  to  ask  what  goals  would  shape  the  design  of  a  good 
computer  tutor.  Three  major  components  are  shown  in  Figure  1. 

CX)MPONENTS  OF  A  COMPUTER  TUTOR 


Task  Environment 

•  task 

•  display 

•  interface 


instructional  Strategies 
Intervene: 

•  when? 

•  how? 


Problem-Solving  Expertise 

•  solve  problems 

•  trace  student'r  ^iution 

•  diagnose  errors 


Figure  1  •   Components  of  a  computer  tutor. 
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The  task  environment  itself— the  sequence  of  problems,  the  displays,  the  inter- 
face, the  way  in  which  the  student  interacts  with  the  computer— establishes  the 
firamewoik  for  a  tutorial  sessicHi.  The  task  environment  is  a  strong  determinant  of 
instructioQal  outconies.  In  a  poorly  designed  task  environment,  students  may  end 
up  q)ending  most  of  their  effort  on  things  peripheral  to  the  skills  and  concepts  we 
really  want  them  to  leam.  For  example,  a  multiple-choice  activity  is  not  appropri- 
ate if  the  goal  is  to  teach  students  to  construct  and  not  simply  to  recognize  solu- 
tions. An  awkward  interface  may  force  students  to  spend  more  effort  on 
communicating  with  the  tutor  than  on  solving  problems.  On  the  other  hand,  a  weli- 
designed  activity  can  minimize  demands  on  a  student  for  less  important  process- 
ing, such  as  evaluating  arithmetic  expressions,  and  free  the  stud^t  to  conc^trate 
on  priiiciples  and  strategies  for  solving  problems. 

To  support  and  guide  students  solving  nontrivial  pn>blems,  a  tutor  must  have 
enough  jHoblem-solving  expertise  to  be  able  to  generate  solutions  itself.  It  must  be 
able  to  recognize  and  track  multiple  correct-solution  paths,  and  must  be  able  to 
identify  simple  errors  and  poor  strategies. 

What  should  a  tutor  do  when  it  detects  an  error?  Some  sort  of  principles  for 
delivering  guidance  and  feedback  to  a  student  are  an  important  component  of  an 
insUiictional  computer  activity.  Instructional  principles  for  a  computer  tutor  must 
be  specified  explicitly,  a*rd  will  not  necessarily  be  identical  with  instructional 
strategies  appropriate  to  tutoring  by  humans. 

Problem-Solving  Expertise 

Research  on  scientific  problem  solving  has  focused  on  describing  the  behavior  of 
experts  and  novices  as  they  solve  problems.  This  research  is  qualitatively  different 
from  traditional  educational  studies  that  try  to  measure  the  outcome  of  a  particular 
kind  of  instructional  approach  because  it  focuses  on  the  details  of  the  actual  think- 
ing and  learning  process  itself.  Such  studies  are  not  easy,  since  frequently  even 
experts  who  can  solve  complex  problems  quickly  and  easily  cannot  explain  in 
detail  all  the  decisions  and  choices,  blind  alleys  and  backuacking,  insights  and 
shortcuts,  that  went  into  the  solution  process.  Researchers  in  cognitive  science 
have  therefore  developed  experimental  techniques  designed  to  help  reveal  the 
details  of  experts*  behavior.  One  common  approach  is  to  ask  problem  solvers  to 
"think  aloud**  as  they  work  on  problems — to  voice  each  thought  as  it  comes  to 
them,  without  worrying  about  whwe  it  may  lead  or  whether  it  is  correct  or  not. 
These  "think  aloud"  sessions  are  recorded,  and  the  resulting  "protocols"  analyzed 
in  careful  detail  to  reveal  st  ategies,  thought  patterns,  plans,  and  changes  in  the 
level  of  detail  at  which  problem  solvers  work.3 


ERIC 


Problem  Spaces 

The  model  of  problem  solving  that  has  emerged  from  such  studies  depicts  the  solu- 
tion process  as  a  search  through  a  problem  space,  beginning  at  an  initial  state  and 
progressing  through  successive  states  of  partial  solution  until  finally  the  goal 
-tate — ^an  acceptable  solution— is  reached  (Figure  2).  The  terminology  of  problem 
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Figura  2.    Problem  space. 


solving  sounds  very  quantum  mechanical:  transitions  between  difTerent  problem 
states  are  effected  by  applying  appropriate  "operators**  (rules  or  solution  steps). 
Globttl  and  intenm  goals-^deas  about  what  the  solution  or  the  next  step  should 
lock  like — arc  explicitly  associated  with  the  search  for  appropriate  operators  or 
solution  $tq>s.  Unproductive  paths  and  dead  ends  are  usually  a  part  of  the  problem 
spdcc,  and  not  all  operations  will  lead  to  a  correct  solution.  There  may  be  more 
than  one  path  that  does  lead  to  a  solution,  because  in  many  problems  more  than 
one  sppiofKh  can  succeed. 

As  an  example,  consider  the  solution  of  a  simple  mechanics  problem  depicted 
in  Figure  3.  Assume,  for  instance,  that  we  wish  to  fmd  the  velocity  of  a  block  slid- 
ing down  a  frictionless  incline  at  some  time,  given  that  the  block  started  at  rest 
Figure  3  depicts  two  states  out  ot  many  in  the  i»x>blem  space:  the  initial  state,  a 
picture  of  the  objects  involved;  and  a  subsequent  state,  where  the  application  of  the 
Ojperaux  '"draw  a  force  diagram**  has  produced  an  augmented  picture  of  the  prob- 
lem with  force  vectors. 

For  an  expert,  drawing  a  force  diagram  is  a  simple  and  straightforward  (^ra- 
tion. As  we  aJl  know,  however,  it  can  be  a  complex  and  challenging  problem  in  its 
own  right  for  a  student.  Thus,  to  understand  in  detail  what  a  student  must  go 
through  x>  solve  the  problen,  we  must  describe  the  problem  space  in  much  greater 
detail.  In  the  problem-space  diagram  in  Figure  4,  the  operator  "draw  a  force  dia- 
gram** has  become  a  subgoal  in  the  solution  process.  The  first  operation  necessary 
to  achieve  this  goal  is  to  pick  a  subsystem,  io  this  is  now  shown  as  the  first  opera- 
tion in  the  search  for  a  solution.  Of  course,  poor  choices  are  possible;  picking  the 
plane  as  a  subsystem  is  a  legal  choice,  but  not  a  useful  one  if  our  goal  is  to  com- 
pute the  sped  of  the  block;  it  will  eventually  lead  to  a  dead  end,  and  the  solver 
^     will  have  to  backtradc  and  choose  a  different  path. 
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DRAW  A  l=ORC€  DIAGRAM 

/ 


Figure  3.     In'uial  state  and  subsequent  state  in  problem  space. 

Wt  could,  and  periups  should,  add  even  more  detail  to  the  analysis;  for  exam- 
ple, we  could  include  the  opt^ations  necessary  to  select  the  center  of  mass  of  the 
block  as  the  point  at  which  to  Iraw  our  vectors,  and  so  on. 

Why  must  the  model  be  so  detailed?  One  compelling  reason  is  that  by  describ- 
ing the  model  in  full  detail,  we  make  it  possible  to  test  it  Just  as  mathematical 
oqvessions  and  relations  provide  a  natural  notation  for  models  in  physics,  comput- 
er programs  provide  a  natural  way  to  formulate  models  of  problem  solving.  A 
computer  program  that  has  the  knowledge  necessary  to  solve  problems,  should 
itself  be  able  to  solve  a  variety  of  such  problems,  more  or  less  in  the  way  a  human 
expert  would  In  attempting  ^o  design  a  program  that  can  really  solve  problems, 
one  finds  that  it  is  necessary  to  descend  to  a  finer  and  finer  grain  size  in  order  for 
the  prpgram  to  be  able  to  execute  all  the  necessary  substeps  of  each  operation. 
Similar  results  are  obtained  for  students.  Heller  and  Reif  show  that  students*  per- 
formance 00  physics  problems  improves  dramatically  if  they  follow  a  very  detailed 
analysis  procedure;  leaving  some  of  the  detail  out  of  the  procedure  results  in  a  sub- 
stantially inferior  performance.^ 


Inteiligent  Tutoring  Systems 

A  fecood  consequence  of  such  a  fme-grained  analysis  of  the  process  of  solving 
problems  is  the  oppcmuni^r  it  provides  to  track  and  model  the  thinking  process  of  a 
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PICK  A  SUBSYSTEM 


REPRESENT  BLOCK  A3  POINT  MASS 


FORCES  ON  BLOCK  GY 
OBJECTS  T0UCHVK3  IT 


Initial  Statct 


PICK  A  SUBSYSTEM 


FORCES  ON  INCLINE  BY 

oa€CTSTOXHiNQrr 


FORCES  ON  6U)CK  BY 
OBJECTS  AT  A  DISTANCE 


(surface  of  inc!in«) 

— I — 

RDRCESONBLOCKBY 
OBJECTS  AT  A  DISTANCE 


Figura  4.    More  detailed  view  of  problem  space. 


Student  as  be  or  she  v/orics  to  solve  a  problem.  A  new  generation  of  instructional 
computer  pcognuns»  called  Intelligent  Tutoring  Systems  (ITS),  do  exactly  this:  they 
track  the  student's  progress  through  the  problem  space  and  identify  points  of  diffi- 
^    cul^-Hncontct  rules>  errors  in  applying  rules»  ani  so  on.^ 
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Task  Environment 
Displays 

Diflpiays  often  i4ay  a  role  in  solving  problems,  especially  ptiy.^cs  prob- 
lems. Often  Ite  fusi  tlq^  taken  by  an  expert  solving  a  pt^(»  pr^ 
diigrant^Tbe  diigram  is  an  important  focus  ki  the  s61utk)n  process,  and  much  of 
the  woik  kivolves  the  diagram  dotctly.  This  is  evklent  to  i^ysics  teachers,  who 
condnually  vigt  students  to  draw  diapuns  as  the  first  stq>  in  solving  a  pr(4>lem. 
Reoeoi  woik  by  cognitive  psychokygists  has  begun  to  elucidate  why  diapams  are 
so  inqxxtant  and  how  they  are  useful  in  solving  problems*^ 

Studies  of  human  memory  suggest  that  there  are  two  kinds  of  memory:  long- 
tem)  memory  and  shoit*tenn  memory.  Thii^  icmembered  over  a  long  period  of 
time  are  stored  more  or  less  permanently  in  long-term  memory.  Short-term,  or 
woridng,  memory,  in  contrast,  does  not  endure  for  a  long  time,  but  provides  very 
qukk  access  to  informatkm. 

Problem  solvers  must  keep  informatkm  about  the  problem  and  the  solution  pro- 
cess active  in  woridng  memory  for  immediate  access.  The  difficulty  is  that  the 
capacity  of  working  memory  is  quite  limited,  and  only  a  few  pieces  of  informatk)n 
can  be  stored  there  at  once.  We  hav?  all  seen  beginning  students  who  can't  seem  to 
keep  the  pieces  of  a  problem  in  their  heads,  or  who  lose  tracL  of  what  they  have 
done  30  far,  their  short-term  memory  capacity  may  be  overioaded. 

Experts  often  get  around  this  limitation  by  combining  several  associated  pieces 
of  informatkm  into  one  ""chunk**  in  memory.  Another  important  strategy,  however, 
is  to  stoc^  mtich  of  this  important  infonnatkx)  in  a  display  or  diagram,  rather  than 
trying  to  keep  it  all  in  memory.  As  a  display  such  as  the  one  in  Figure  4  is  buiU  up 
by  the  problem  solver,  more  and  more  information  about  the  problem  itself  and  the 
prc>gress  of  the  solutkm  is  encoded  in  the  display,  and  therefore  need  not  be  held  in 
working  memoiy  all  the  time.  For  example,  the  fact  that  the  plane  exerts  a  force  on 
the  Mock  in  a  directkHi  normal  to  the  surface  is  encoded  in  the  display  by  a  force 
vector. 

Diagrams  also  provkle  a  way  of  keeping  track  of  goals  in  the  solu'  m  process; 
they  irulicate  what  the  next  step  shouM  be.  In  Figure  S,  the  solver  has  ii<dicated  that 
the  next  s!  ^  is  to  write  equations  for  the  x  and  y  components  of  the  forces,  but  has 
not  yet  done  so.  Even  if  interrupted  in  the  middle  of  the  problem,  the  solver  could 
easily  reconstruct  what  the  next  stq>  should  be  simply  by  looking  at  the  display 
and  seeing  that  the  equations  are  not  complete. 

In  addition,  well-organized  displays  can  decrease  the  time  needed  to  search  for 
different  pieces  of  information  that  must  be  used  together,  because  such  related 
information  can  be  groiq)ed  phys;%ally  in  the  display.  Besides  decreasing  memory 
load,  the  use  of  pictures  or  diagrams  makes  it  possible  to  substitute  relatively  easy 
perceptual  inferences  (about  positions  or  directions,  for  example)  for  more  difficult 
logical  inferences. 

CAI  Expertise 

Displays  in  dynamic,  interactive  computer  programs  must  satisfy  criteria  quite 
lifferent  from  those  for  static  or  passive  media.  There  is  not  yet  a  solid  theoretical 
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DISPUYS 


•  Subttitult        ptrc«p(u«l  inf»r«ncM  for  hard  logical  infortnoot 

•  FMuoa  atwrrtion  domandt  (group  rtlalod  things) 

•  Raduoa  woiliing  fnanxHy  donianda  * 

conatantl)r  updalad  racocd  of  proMom  ttala: 
wofkaofar 
currant  goaia 


n^im  B.    Rola  of  dispUiys  in  tha  aolution  procass. 


basis  or  lei  of  priuciples  tc  guide  .  ers.  Nonetheless,  there  aie  experienced 
devetopen  of  initniciional  computer  au.  Itics  who  have,  through  experience  with 
thooaands  of  hours  of  student  use  of  their  programs,  learned  how  to  develop 
robust,  ea^-lo-uae,  effective  instructional  pr^'grams*  Some  of  tt^  have  b^un  to 
try  ID  articulate  enqnrical  rules  of  thumb  for  designers  of  interactive  educational 
computer  activities.* 

A  food  imcf&ce  and  good  di^ys  are  not  simply  desirable  but  essential*  Poor 
choices  n:ty  actuaUy  increase  the  load  on  the  student,  making  the  problem  solving 
much  harder  by  requiring  the  soident  to  devote  considerable  effort  to  controlling 
the  progrsm  or  underuanding  tht  ^is^days.  Quttered,  disorganized  displays  or 
com|^  or  awkwani  modes  intaaction  demand  attention  and  eflbrt  that  could 
much  better  be  devoted  to  the  problem-solving  process  itself. 


Instructional  Strategies 

b  working  with  a  studero,  a  tutor  must  make  detailed  decisions  at  a  number  of  lev- 
els about  how  best  to  interact  with  the  student  Human  uitors  make  many  of  these 
decisions  automatically,  on  the  basis  of  experience  and  intuition,  without  con- 
ackxisly  thinking  about  them*  However,  a  computer  ttttor  has  no  intuition  or  social 
experience;  ft  must  have  expUcidy  encoded,  detailed  rules  and  guidelines  for  every 
inienctioQ  with  a  student 

For  example,  an  important  class  of  decisions  concerns  tu.U)rial  interventions: 
when  to  intervene,  and  how*  Who  should  control  interventkxis,  the  student  or  the 
tutor?  Shottkl  the  tutor  intervene  only  when  asked  for  help?  Should  the  Uitor 
O  .  always  provide  help  when  req.  ^tcd?  When  should  help  be  given?  Immediately 
-  ERJ  C  ifteranerioc?  After  se/eral  errors  Before  the  student  makes  an  enior?  What 
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of  help  should  Ihe  Uifor  give?  Hints?  Answers?  Diagnosis  of  errors?  Dircciions?  A 
cooqytetesdutioa? 

Until  rocemiy*  there  has  been  litUe  research  on  the  actual  process  of  tutoring.  At 
best,  tutorial  strategies  in  instructional  computer  pipgrams  have  been  derived  by  an 
enqmcal,  tiial*aiid-enor  process;  st  worst,  they  reflect  only  the  untested  intuitions 
of  the  program  designers.  However,  recent  studies  of  the  strategies  of  expert 
human  tutors,  combined  with  attempts  to  aiticulate  empirically  derived  guidelines, 
begin  lo  provide  a  principled  basis  for  designing  computer-based  lutorial  interac- 
tions. 


Studies  of  Expert  Human  Tutors 

Protocol  studies  of  e-xpen  human  tutors  working  wiih  suidcnts  solving  problems^ 
have  begun  to  uncover  patw:-ns  and  strategics  in  tutorial  interactions.  Some  of  the 
results  are  surprising,  and  even  run  counter  to  esUiblishcd  wisdom. 

Perhq)s  the  most  striking  observation  is  that  each  tutorial  ^isode  (one  problem 
in  a  sequence  of  problems,  for  example)  consists  of  three  distinct  phases,  as  illus- 
trated in  Figure  6.  Ihe  tutor *s  goals  are  both  cognitive  and  motivational,  and  active 
goals  and  strategies  vary  from  phase  to  phase. 


PHASES  OF  A  TUTORIAL  EPISODE 

SOLUTION 

•  KMp  stud«nt  acirve 

•  Indirect  (••dback 

*  Uo  explicit  diagnosis 

o 

flER£CT10N 

•  Consid«i"  errors 

•  Note  constraints 

•  Reflect  on  strategies 

o 

TRANSITION 

•  Set  goals 

•  Mark  progress 

•  >  choices 

Kgurm  6.    Phases  of  a  tulwrrial  episode. 
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In  the  sotutKHi  phase,  the  tutor*s  primary  goal  is  to  work  through  to  a  correct 
solution  of  the  problem.  The  student  must  be  kept  active  and  interested,  and  must 
work  as  indq)eiidently  a:>  ^M>ssible.  Thus  the  tutor  gives  just  enough  help  and  guid- 
ance to  alkm  the  student  to  take  the  next  stq>  in  the  solutii.  Feedback 
is  almost  always  indirect  in  this  phase;  tutors  rarely  say  **no''  explicitly,  and  though 
they  may  weU  recognize  erictly  the  concqKual  or  procedural  difr^ 
is  having,  Aey  almost  nev^  deliver  this  ei^it  ffii^^ 
corrected,  but  not  dwelt  on.  The  main  goal  is  to  get  to  a  solution. 

After  the  student  obtains  a  coriea  solution,  the  tutor  helps  the  student  reflect  on 
the  process  of  solvinf  the  problem.  Usually  the  reflection  phase  is  short  A  tutor 
may  point  out  to  a  student,  for  example,  that  he  or  she  correctly  extended  a  rc^e  to 
a  new  situation,  or  that  an  em)r  was  due  to  an  attempt  to  apply  a  rute  or  procedure 
under  conditkms  where  it  was  not  iqr>licable.  The  tulor  and  student  may  review  the 
student^s  overall  strategy  and  discuss  possiUe  improvements.  The  main  emphasis 
in  the  reflectk>n  phase  is  in  getting  the  student  to  consider  Uic  solution  process 
itself,  rather  than  on  applying  paiticular  rules  or  procedures. 

The  transition  phase  appears  to  be  a  crucial  part  of  a  tutorial  episode.  The 
tutor's  goals  in  this  phase  ^  primarily  motivational:  to  sci  for  the  student  a  com- 
fortable level  of  challenge,  to  give  the  student  a  sense  of  comrol,  and  to  stimulate 
the  student's  interest  in  the  problems.  In  this  phase,  tutors  explicitly  mark  the 
progress  nmde  by  the  student  so  far  and  help  the  student  set  new  performance 
goals.  They  may  give  the  student  a  choice  of  type  of  problem  or  level  of  difTiculty, 
and  may  try  to  stimulate  c*uiosity  about  new  features  of  the  problem. 

Some  instructional  computer  materials  have  been  used  heavily  by  thousands  of 
students  over  a  period  of  several  years.  Perhaps  it  should  not  be  surprising  that 
conventions  evolved  in  many  such  programs  reflect  some  of  the  goals  of  human 
tutors.  For  example,  most  good  tutorial  CAI  programs  continu^My  mark  progress 
and  set  goals  by  displaying  information  about  the  level  of  the  problems,  the  num- 
ber correct,  and  the  number  remaining  to  work.  Students  are  given  control  over 
whid;  problems  to  work  and  what  level  of  difficulty  to  attempt  Students  are  not 
allowed  to  get  permanently  stuck  on  a  problem;  after  a  few  tries  the  program  pro- 
vides help  or  a  way  out. 


Necessary  Differences? 

The  major  differences  between  typical  computer  tutors  (from  both  the  ITS  and  CAI 
traditions)  and  experienced  human  tutors  are.  flrst  that  computer  tutors  give  much 
more  direct  feedback,  usually  saying  "no*"  very  explicitly,  and  oftcj  delivering  a 
detailed  error  dii^gnosis;  second,  that  there  is  usually  no  rcflccuon  phase  in  com- 
puter-based  tutorial  interactions. 

It  may  in  fact  be  necessary  for  computer  tutors  to  provide  much  more  explicit 
feedback  than  human  tutors*  Because  the  bandwidth  for  human  communication  is 
very  high,  &  human  tutor  can  convey  much  information  in  vocJ  inflection  and  tim- 
ing, so  a  response  of  "well,-  "hmmm,-  or  even  "ok**  can  easily  cxMivey  the  infor- 
mation that     answer  is  not  correct.  With  a  more  limited  verbal  bandwidth, 
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computer  tutors*  respmises  are  open  to  misunderstanding,  and  expliciutess  is  often 
essential  to  clarity.  However,  it  is  sometimes  possible  to  compensate  for  limited 
verbal  communication  wtA  enhanced  visual  communication;  in  some  activities  the 
only  feedback  necessary  may  be  the  display  generated  as  the  computer  works  out 
the  conseqiraces  of  the  student's  iiqxit 

The  absence  of  die  refkctioQ  phase  appears  less 
to  a  lack  of  understanding  of  its  importance.  In  fact,  a  computer  tutor  that  traced 
the  details  of  a  student's  solution  couU  easily  point  out  important  features  of  the 
solution  process;  perhaps  this  will  come  to  be  a  standard  feature  of  future  computer 
tutors. 


Summary 

Recent  results  firom  research  in  cognitive  science  provide  insights  that  make  a  sig* 
nifk:ant  difference  in  the  effectiveness  of  instruction.  The  importance  of  detailed 
modds  of  the  knowledge  necessary  to  solve  problems  has  been  cleariy  demonstrat- 
ed in  experimental  studies  involving  both  p2q)er*and*pencil  tasks  and  computer 
tutors.  An  understanding  of  the  role  of  diagrams  and  di^lays  in  the  problem-solv- 
ing process  and  of  principles  for  structuring  nitorial  mteractions  can  potentially 
have  equally  dramatic  effects  on  instruction.  Combming  these  insights  with  much 
empirical  experience  in  educational  computing  may  in  fact  allow  us  to  design 
sq4ustk:ated  computer  tutors  capable  of  delivering  effective  direct  instruction  to 
students  on  a  one-to-one  basis. 
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Addressing  Students'  Conceptual 
and  Cognitive  Needs 

A.  B.  Arons 

Departmeracf  Physics.  University  of  Washington,  Seattle,  V/A  98195 

Research  in  physics  education  continues  to  develop  compelling  evidence  that  many 
studenu  enter  introductory  physics  courses  with  primitive,  strongly  rooted  precon- 
ceptions that  remain  unaltered  by  exposure  to  the  usual  course  materials.^  On 
emerging  from  the  courses,  many  students  exhibit  residual  misconceptions  and 
inadequate  mastery  of  some  of  the  most  basic  concq)is  and  modes  of  reasoning. 
They  accpiire  passing  grades  largely  through  partial  credit  for  memorizadon  of  bits 
and  pieces  of  vocabulary  and  erratically  employed  problem-solving  prxKedures. 
Many  of  the  investigations  lend  credence  to  the  idea  that  onc-on-one  instruction 
and  exercises  of  the  highly  interactive  kind  possible  in  computer-based  instruction 
(exploiting  graphics)  can  contribute  significanUy  in  helping  students  attain  more 
effective  gra^  of  the  abstract  concepts  and  modes  of  reasoning  ^  This  is  especially 
true  when  emphasis  is  placed  on  operational  definition  of  technical  terms,  on  quali- 
tative observation  and  interpretation  of  physical  phenom^a,  and  on  verbal  expla- 
nation of  l^Tcs  of  reasoning.  This  emphasis  supplements  tfie  usual  use  of  formulas 
and  numerical  solution  of  typical  end-of-chapter  problems.  Many  of  tfic  interview 
questions  and  situations  tfiat  reveal  studwit  difficulties  and  misconceptions  are,  in 
tfiemsclves,  helpful  in  remediating  tfie  v^y  difficulties  tfiey  initially  uncover. 

Despite  the  seeming  promise  of  strong  cognitive  assistance  from  highly  interac- 
tive computer-based  materials,  very  litUe  has  happened  so  far  to  fulfill  this 
pronriise.  Much  of  the  software  tfiat  has  been  writtwi  is  of  very  low  instructional 
quality;  it  lends  to  attack  peripheral  rather  tfian  fundamental  cognitive  problems 
and  provides  very  littie  interactive  feedback  that  would  lead  students  to  recognize 
error  or  inconsistency  or  revise  tfieir  thinking  of  Uieir  own  volition  (instead  of  sim- 
ply being  told  the  "right"  answer).  Furtiiennore,  we  iiave  not  had  a  sufficient  vol- 
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ume  of  q)i>iopriate  material  to  allow  statistically  convincing  eva  oation  of  impact 
and  effectiveness  over  an  entire  introductory  physics  course  (or  ev^  a  major  por- 
tion). 

Nagging  questions  stiU  remain  regarding  cost  effectiveness.  The  writing,  cod- 
ing, and  debugging  of  such  materials  is  exceedingly  time  consuming  and  therefore 
exceedingly  costly.  \^11  the  effectiveness  of  such  instructional  materials  justify  the 
cos!?  We  do  not  have  even  a  preliminary,  much  less  a  convincing,  answer  to 
this  question. 

Nevertheless,  in  the  hope  that  cost  effectiveness  might  be  demonstrated,  I  shall 
list  some  of  the  specific  items  of  computer-based  nuiterials  that  are  badly  needed, 
dial  seem  to  be  neglected,  and  that  could,  in  combination,  have  a  significant  impact 
on  student  mastery  of  concepts  and  lines  of  reasoning  in  our  introductory  courses.  I 
draw  these  specific  items  from  my  own  observations  and  from  the  research  litera- 
Uire. 

Acute  readers  may  note  that  c^tain  obviously  important  items  do  not  appear  on 
the  following  list  of  suggestions.  Material  on  kinematical  concepts  of  position, 
clock  reading,  velocity,  and  acceleration  is  in  the  class  of  "badly  needed,"  but  since 
a  great  deal  of  effort  is  currently  being  invested  in  generating  very  promising  mate- 
rials, I  do  not  include  them  on  the  present  list.  The  same  is  to  be  said  about  materi- 
als on  the  law  of  inertia  and  the  concept  of  "force.**  These  areas  are  excluded  not 
because  of  lack  of  importance  but  because  they  are  the  subject  of  intense  and  fruit- 
ful effort  Other  readers  may  discern  that  I  do  include  other  items  that  are  in  fact 
currently  being  worked  on  or  that  are  available  in  good  versions.  Concerning  such, 
I  can  say  only  that  I  can  lay  no  claim  to  being  up  to  date  on  all  work  being  con- 
ducted in  this  huge  field. 

Examples  of  Desirable  Drill 

One  very  primitive  impediment  to  learning  in  inU'oductory  physics  courses  is  lack 
of  drill  to  help  students  imbed  a  definition,  a  procedure,  or  a  piiysical  phenomenon 
in  the  memory  to  such  a  degree  that  it  becomes  second  natiuie  and  no  longer  stands 
in  the  way  of  the  next  level  of  utilization,  concept  formation,  or  reasoning.  Space 
in  textbooks  is  costly  and  limited,  and  adequate  drill  with  immediate  feedback  and 
reinforcement  can  rarely  be  provided.  Such  drill,  however,  can  readily  be  provided 
on  the  computer,  although  the  mode  may  seem  pedestrian  and  unexciting  to  the 
writer  of  software,  the  results  for  the  learner  can  be  very  important  Specific  areas 
in  which  availability  of  such  drill  seems  currently  inadequate  are  as  follows: 

1.  Drill  on  significant  figures  in  numerical  calculations. 

2.  Drill  on  propagation  of  error  in  numerical  calculations. 

3.  Drill  on  the  definitions  of  sine,  cosine,  and  tangent  as  ratios  of  sides  of  simple 
right  triangles.  Setting  up  each  ratio  when  the  triangle  is  presented  m  various 
different  orientations.  Reversing  the  above  procedure  (i.e.,  given  labeled  sides 
of  U'ipuigles  in  various  orientations,  recognizing  the  name  of  a  given  ratio). 
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Recognizing  directly  the  meaning  of  products  such  as  c  sinfl  and  c  sinfl  (where 
c  denotes  the  length  of  Hic  hypotenuse)  without  going  through  algebraic  manip- 
ulation of  the  original  defming  ratios* 

4.  Driil  on  addition  and  suOtracticHi  of  vectors  In  one  dimension  both  algebraically 
aiid  graphically*  Many  students  never  master  the  meaning  of  purely  numerical 
qperations  with  plus  and  minus  signs  along  the  number  line  without  also  inter- 
pftting  these  opmtions  in  terms  of  arrows*  The  recommended  drill  helps  them 
u«Klerstand  the  full  meaning  of  the  rectilinear  kinematic  equations.  Such  drill 
connects  with  similar  drill  on  addition  and  subtraction  of  vectors  in  two  dimen- 
sions. 

5*  Dria  on  calculating  numerical  values  of  torque  (or  setting  \xp  algebraic  expres- 
sions)* Forces  should  be  presented  in  random  orientations  on  the  screen,  differ- 
ing from  any  original  figure  in  the  text  Different  angles  should  be  inv(*ed  (i.e. 
sometimes  the  angle  between  the  force  and  the  normal  to  the  radius  arm,  some- 
times the  angle  between  the  force  and  the  radius  ann).  Forces  should  occasion- 
ally be  directed  through  the  axis  of  rotation.  Net  torques  should  be  calculated 
when  several  are  imposed  simultaneously. 

6.  prill  on  basic  electromagnetic  pher  jmena.  Magnetic  field  direction  around  var- 
ious configurations  of  current  canying  conductors-  Forces  and  torques  on  cur- 
rent carrying  conductors  in  a  magnetic  field.  Exercises  with  the  Lorenlz  force 
on  moving  charged  particles  in  a  magnetic  field.  Exercises  with  direction  of 
induced  emf. 


Underpinnings 

In  addition  to  drill  of  the  kind  suggested  in  the  preceding  section,  there  are  a  num- 
ber of  other  concepts  and  modes  of  reasoning  that  underpin  the  learning  of  physics 
and  with  which  many  students  have  substantial  difficulty  A  significant  fraction  of 
students  in  calculus-physics  courses  have  trouble  with  the  following  ideas: 

1.  Verbal  inteq)retation  of  ratios.^'*  What  is  the  meaning  of  the  number  obtained 
when  one  length  is  divided  by  another  length  or  one  mass  by  another  mass? 
(Here  one  is  comparing  two  numbers  by  finding  how  many  times  one  is  con- 
tained in  the  other.  Many  students  fail  to  recognize  division  as  counting  hov 
many  times  one  number  can  be  subUacted  from  the  other  because  they  have 
never  had  to  say  something  to  this  effect  in  their  own  words.)  What  is  the  mean- 
ing of  the  number  obtained  when  the  mass  of  an  object  (in  grams)  is  divided  by 
its  volume  (in  cm^)?  (Here  one  is  finding  how  much  of  the  properly  in  the 
numerator  is  present  in  or  goes  with,  or  corresponds  to  one  unit  in  the  denomi- 
nator. Many  student  fail  to  articulate  the  necessary  one  of  the  denominator  and 
hence  fail  to  comprehend  the  meaning  of  the  new  number.  Thus,  they  fail  to  use 
it  successfully  in  subsequent  steps  of  arithmetical  reasoning.)  It  is  also  neces- 
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sary  to  reverse  the  interpretation  and  deal  explicitly  with  the  reciprocals,  .  g. 
with  voliutie  divided  by  the  mass. 

2.  Meaning  of  9C  in  simple  geometrical  terms,  i.e.,  as  the  ratio  of  circumference  to 
diameter  of  circles.  Few  students  have  carried  out  the  necessary  simple  mea- 
surements and  fewer  still  can  articulate  the  insight  that  9C  is  a  common  property 
of  all  circles. 

3.  Arithmetical  reasoning  involving  division.  Given  800  g  of  material  that  has  2.3 
g  in  each  cm^,  what  must  be  the  volume  occupied  by  the  sample?  Students 
should  not  be  allowed  to  use  the  density  formula  (they  simply  memorize  the 
rearrangement  of  symbols).  They  should  be  led  to  aigue  that,  since  the  "pack- 
age** of  2.3  g  is  associated  with  just  one  cubic  centimeter,  we  find  the  total  num- 
ber of  cubic  centimeters  if  we  find  how  many  such  "packages"  are  contained  in 
800  g. 

4.  Coupling  arithmetical  :easoning  with  graphical  representation  in  cases  of  sim- 
ple linear  relationship,  e.g.,  associating  density  with  the  slope  of  a  graph  of  total 
massM  versus  total  volume  V;  interpreting  an  arithmetical  calculation  by  repre- 
senting it  on  a  graph  and  vice  versa;  interpreting  graphically  the  connection 
between  finding  the  total  volume  given  the  total  mass  and  density  on  the  one 
hand  and  finding  the  change  in  volume  when  the  same  mass  is  added  to  a  given 
initial  mass.  (Nto5>t  students  see  these  as  two  entirely  different  calculations  and 
subtract  the  fimU  and  initial  total  volumes  without  perceiving  'Hat  they  can  cal- 
culate changes  directly.  Parallel  exercises  are  usually  necessary  with  other  con- 
texts such  as  concentration  of  solutions,  circles  and  7C,  etc.) 

5.  Distinction  between  genera!  ur.ear  relationship  and  direct  proportionality.  Many 
students  fail  to  register  the  distinction  in  earlier  experience  and  must  be  helped 
to  articulate  it  in  their  own  words. 

6.  Ratio  reasoning  involving  geometrical  scaling  from  linear  dimensions  to  arca<v 
and  volumes  and  vice  versa.  Ratio  reasoning  involving  scaling  of  various  physi- 
cal effects  when  functional  relationships  are  known  (e.g.,  variation  of  cen- 
tripetal force  with  angular  velocity,  variation  of  gravitational  and  electrostatic 
forces  wilh  distance  of  separation  when  the  inverse  square  law  is  applicable, 
etc). 

7.  Radian  measure.  Very  few  students  have  acquired  any  genuine  understanding  of 
the  reasons  for  introduction  of  radian  measure  in  place  of  degrees;  they  have 
simply  memorized  a  ritual  if  they  use  rad*^  measure  at  all.  They  should  be  led 
to  see  why  radian  measure  is  introduced,  how  it  differs  from  measure  in 
degrees,  and  in  what  sense  it  is  to  be  regarded  as  ''natural."  They  should  be  led 
to  see  that  z  quandty  can  be  dimensionless  without  being  unitless.  The  cxami- 
nadon  should  not  be  confined  to  the  reladon  among  angle,  arc  length,  and 
radius,  but  should  extend  to  the  observation  that  the  sine  and  tangent  of  an 
angle  become  more  and  more  nearly  equal  to  the  numerical  value  of  die  angle 
provided  die  measure  is  in  radians  rather  dian  in  degrees.  For  students  in  calcu- 
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lus-physics  courses,  this  examination  should  extend  to  consideration  of  the  lim- 
its of  the  relevant  ratios  undalying  the  derivation  of  the  derivatives  of  the  sine 
andcostnefunctioos. 

Examples  Involving  Various  Basic 
Physical  Concepts 

Following  are  exanqries  of  subjects  in  which  many  students  encounter  serious  con- 
ccpaxA  di£BcttlQr  and  thus  M  irretrievably  behind.  Dialogues  hdpitig  them  sur- 
mount  tb^  difficulties  as  cariy  as  possible  would  he^  retain  many  students  who 
ctherwist  drop  out  Dialogues  would  also  serve  to  improve  the  grasp  and  course 
performance  of  many  of  those  who  survive  with  marginal  understanding  of  the 
material. 

1.  Showing  velocity,  acceleration,  and  force  vectors  (in  separate  diagrams, 
never  different  vectors  on  the  same  diagram)  for 

a.  an  object  thrown  vertically  upward  while  rising,  falling,  and  at  (he  top  of 
its  flight; 

b.  various  points  in  a  trajectory  of  projectile  motion; 

c.  a  car  at  various  points  in  a  roller  coaster  ride; 

d.  a  pcndurim  at  various  points  in  its  swing,  including  (he  end  points; 

e.  a  bob  on  a  spring  in  simple  harmonic  motion; 

f.  a  bob  in  circular  motion  in  a  horizontal  plane  and  at  various  points  in  a 
vertical  plane; 

g.  a  pendulum  bob  suspended  from  (he  roof  of  an  accelerating  car. 

2.  Making  operational  distinctions  between  gravitational  and  ineitial  mass. 

3.  Understanding  frictional  force.  Many  students  tend  to  memorize  the  foimula 
/  s  /iAf  and  regard  this  as  giving  the  magnitude  of  the  frictional  force  acting 
on  a  stationary  block  under  all  circumstances.  They  begin  to  grasp  the  con- 
cq>t  when  they  are  led  through  a  sequence  in  which  they  must  articulate  the 
insight  that  the  frictional  force  increases  from  zero  to /as  the  external 
applied  force  on  the  block  increases.  Many  students  acquire  (he  misappre- 
hension that  frictional  forces  always  expose  the  motion  of  the  entire  body  on 
which  they  act  Although  it  is  true  that  frictional  forces  always  oppose  the 
sliding  of  one  surface  over  another,  they  do  not  always  oppose  the  motion  of 
the  entire  body  on  which  they  act  (witness  the  frictional  force  exerted  by  the 
road  on  the  v^'heels  of  an  accelerating  car). 

4.  Understanding  tension  in  strings.  Many  texts  introduce  the  term  'tension**  as 
though  it  were  a  primitive  concept  with  obvious  meaning  to  everyone.  Since 
**tension**  is  aaually  a  subtle  concqH  requiring  careful  and  explicit  opera- 
tional deflnition,  many  students  become  seriously  confused. 
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Understanding  'inassless'*  strings.  Most  texts  introduce  the  **massless  string"* 
as  though  it  were  an  obvious  concept  that  requires  no  special  introduction  or 
discussion.  An  effective  dialogue  would  lead  students  to  consider  furst  a  sim- 
ple case  in  which  a  string  with  ^preciable  mass  is  being  accelerated  (e.g.,  a 
block  being  accelecated  along  a  horizontal  surface  by  a  pull  exerted  on  a 
massive  string).  One  would  draw  sq)arate  free  body  diagrams  of  both  the 
block  and  the  string  and  establish  the  fact  that  the  forces  on  opposite  ends  of 
the  string  would  not  be  equal  in  nuignitude.  One  would  then  examine  what 
hq^pens  to  the  magnitude  of  the  difference  between  the  forces  as  the  mass  of 
the  string  is  made  snudler  and  smaller  relative  to  the  mass  of  the  block. 

Using  fiee-body  force  diagrams.  Many  students  (in  fact,  a  sizable  majority 
even  in  calctilus-physics  courses)  fail  to  devetop  the  ciq)acity  to  draw  correct 
force  diagrams  when  homework  is  limited  to  conventional  end-of-chi^ter 
textbook  problems.  They  tend  to  fiddle  with  the  algebraic  manipulations 
until  tl^y  get  the  "right"  answer  in  the  back  of  the  book,  and  they  rarely 
check  the  correcmess  of  the  force  diagrams.  Students  also  tend  to  follow  the 
space-saving  pauem  set  in  the  majority  of  textbooks  and  do  not  draw  sepa- 
rate force  diagrams  of  interacting  objects.  Hence  many  students  fail  to  dis- 
tinguish clearly  between  the  forces  exerted  on  a  car  by  the  road  and  the 
forces  exerted  on  the  road  by  the  car.  Effective  dialogues  would  lead  stu- 
dents to  draw  numerous  force  diagrams  for  situations  familiar  in  everyday 
experience.  These  might  include: 

a.  one's  own  body  and  the  ground  while  walking  or  running  (including 
speeding  up  and  slowing  down); 

b.  one's  own  body,  the  scat  of  the  car,  the  body  of  the  car,  and  the  road  sur- 
face when  the  car  is  speeding  up,  slowing  down,  or  going  around  a 
curve; 

c.  one's  own  body  sitting  on  a  box  that  rests  on  a  merry-go-round; 

d.  an  electrically  charged  balloon  sticking  to  a  wall; 

e.  two  unequal  point  charges  attracting  or  repelling  each  other  (many  stu- 
dents show  unequal  electrical  forces  acting  on  the  two  objects  even 
though  they  can  repeat  the  words  of  Newton's  third  law). 

Considering  the  following  two  rectilinear  cases: 

a.  A  ball  rests  on  a  cart;  the  cart  is  accelerated  horizontally. 

b.  A  bob  hangs  suspended  from  a  suing  (pendulum);  the  up^w  end  of  the 
string  is  acceletated  horizoritally.  Many  students  performing  such  experi- 
ments will  say  that  both  the  ball  and  the  bob  are  "thrown  backward." 
They  need  help  in  straightening  out  the  confusion  of  frames  of  reference 
and  recognizing  explicitly  that  neither  object  is  "thrown  backward"  in 
the  inertial  frame  established  by  the  ground. 
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8.  Understanding  centripetal  force.  Many  students  labor  under  the  misappre- 
hension that  any  centrally  directed  force  is  a  "centrq)etal**  force  regardless  of 
magnitude*  whereas  the  term  "centripetal  foa^c**  is  usually  meant  to  apply  to 
the  net  face  that  imparts  the  acceleration  v^//?.  Students  must  be  led  to  rec- 
ognize e?q)licitly  that  the  object  will  ^iral  inward  if  the  centrally  diiC'':ted 
fofCf  is  greater  than  Ae  quantity  mv2//{  and  will  ^nral  outward  if  it  is  sn^ 
er.  Because  the  discussion  of  centripetal  force  usually  starts  with  the  bob  on 
a  string  moving  in  a  horizontal  i^iuie,  many  students  acquire  the  misq>pre- 
hensioo  that  the  tension  in  the  string  is  invariably  equal  to  the  centripetal 
force.  They  will,  for  example,  say  thai  the  tension  in  the  string  is  equal  to  the 
centripetal  force  at  both  the  top  and  the  bouom  when  the  bob  revolves  in  a 
vertical  circle. 

9.  Sketching  the  shapes  of  susymmetric  transverse  and  longitudinal  wave  pulses 
reflected  at  (and  transmitted  through)  various  free  and  rigid  boundaries. 

10.  Performing  exercises  in  hypothetico*deductive  reasoning. 

a.  Given  some  mechanical  situation  arising  in  on  end-of-chapter  problem, 
what  will  happen  if  the  angle  of  application  of  this  force  is  changed,  if 
this  mass  is  increased  or  decreased  without  limit,  or  !f  the  angle  between 
this  surface  and  the  horizontal  is  increased  or  decreased? 

b.  Given  a  DC  circuit  consisting  of  batteries  and  bulbs,  how  do  the  b^Ib 
brightnesses  compare  in  the  initial  configuration?  What  will  hzppon  to 
the  brighmess  of  each  remaining  bulb  if  a  given  bulb  is  removed?  What 
will  h£^pen  to  the  Drighmess  of  each  buib  if  a  wire  is  connected  between 
two  arbitrarily  chosen  points? 

c.  Given  simple  /?  and  C  configurations,  simple  /?  and  L  configurations  and 
the  simplest  /?,  £,  C  configurations,  suidcMs  must  be  able  to  answer 
some  purely  phenomenological  questions. 

1 1 .  Visualizing  effects  that  uanscend  direct  sense  expc»-icnce.  At  the  most  primi- 
tive level,  a  laige  majority  of  students  have  great  difficulty  accepting  the 
proposition  that  the  (inanimate  and  seemingly  rigid)  table  exerts  an  upward 
force  on  an  object  that  rests  on  it.^  They  need  to  be  led  to  the  perception 
that  the  upward  force  is  made  possible  by  the  springlike  action  associated 
with  deformation  of  the  table,  a  deformation  that  is  not  zero  even  when  a 
sheet  of  paper  rather  than  a  book  is  being  sui^rted.  Students  must  be  led  to 
visualize  the  deformations  that  take  place  when  bodies  collide  with  each 
other,  very  few  students  do  so  spontaneously.  A  long  wooden  or  metal  rod  is 
laid  on  a  table,  and  a  force  is  ^plied  to  one  end.  The  rod  is  displaced.  If 
asked  whether  the  far  end  of  the  rod  moves  at  exactly  the  same  instant  as  the 
end  to  which  the  force  was  ^lied,  most  students  say  '"yes.**  They  do  not 
visualize  the  passage  of  the  elasdc  wave  that  precedes  motion  of  the  object 
as  a  whole.  Visualizing  such  effects  consciously  and  explicitly,  however,  is 
an  important  prelude  to  the  introduction  of  time  delays  and  propagation 
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effects  in  electromagnetic  phenomena.  It  helps  students  comprehend  the 
veiy  basic  phenomenological  questions  which  Faraday  and  Maxwell  were 
asking  and  pfq)ares  them  for  recognition  of  the  failure  of  action  at  a  distance 
(Newton*s  third  law)  and  the  motivation  behind  the  invention  of  field  theory. 

Conclusion 

The  preceding  examples  are  meant  to  be  illustrative  and  are  neither  prescriptive 
nor  exhaustive.  Many  such  dialogues,  without  constioiting  enure  courses,  would  be 
very  helpful  xo  many  students  within  our  existing  instructional  framework. 
Availability  of  such  tutorial  assistance  would  free  teachers  to  deal  more  effectively 
and  succesrfully  with  the  devek^ent  of  more  sophisticated  levels  of  knowledge 
and  understanding.  Not  only  would  this  e.ihance  the  development  of  fumre  scien- 
tific and  engineering  professionals,  it  would  significantly  improve  the  science 
competence  of  school  teachers  in  precisely  those  areas  of  subject  matter  in  which 
we  now  observe  their  greatest  deficiencies.  It  would  thus  make  a  significant  contri* 
bution  to  achievement  of  wider  public  understanding  of  science.  The  immediate 
problem,  however,  is  to  resolve  the  question  of  cost  effectiveness. 
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The  Spectre  of  Skepticism 

To  understand  why  many  have  been  arguing  that  it  is  impossible  to  establish  the 
educational  effectiveness  of  computers,  we  must  glance  back  on  20  years  of  dis- 
cussion of  the  effectiveness  of  computers  in  instruction. 

By  1968  Bitzer.  Bunderson.  Suppes.  Boik  jmd  others  had  developed  a  variety  of 
CAI  materials  and  compared  them  with  traditional  instruction.  The^e  early  devel- 
opers differed  in  their  assessments,  visions,  and  approaches  to  instrucuonal  uses  of 
computing,  but  their  work  showed  that  computer  implementations  of  programmed 
learning  methods  demonstrated  modesi  learning  gains  in  controlled  experiments. 
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StiO»  when  tbe  instnictioiial  methods  were  such  that  teachers  and  computers  could 
perform  them  equally  well  (drill  and  practice  in  arithmetic),  the  experiments  tend- 
ed tcriml  no  signifiauitdifferences«i  During  the  same  period*  there  war  deliberate 
exploiat^  of  the  computer  as  a  sui  generis  interactive  and  graphics  medium. 
H^jpily,  fundamental  ideas  of  physics  and  mathematics  were  often  the  context  of 
these  explorations*  In  this  first  deoKle,  three  main  questions  were  on  the  CAI  agen- 
da: 

h  Are  computers  accq>table  media  for  instructional  methods  such  as  drill  and 
practice  iu  elementary  mathematics? 

7h  Are  compuitts  as  effective  as  teachers  at  some  instructional  tasks? 

3.  Do  computers  have  unique  instructional  properties  or  capacities? 

By  1978  scores  of  academics  were  involved  in  CAI,  and  funding  agencies  for 
materials  development  and  instructional  improvement  experienced  exponential 
growth  in  proposals.  These  agencies  had  an  interesting  problem:  deluged  with  pro- 
posals for  instructional  computing,  how  were  thev  to  filter  the  good  from  the  bad? 
There  were  very  few  physics  instructors  with  track  records  in  the  field  Alderman's 
landmark  study  of  mcrr  had  just  come  out«2  but  new  proposals  went  beyond  the 
prcygrammed  learning  and  drill  aiidi^ractice  methods  that  had  been  studied  previ- 
ously in  controlled  experiments.  Pro^)osals  dealt  with  complete  college  courses  by 
computer,  mvcrocomputer  simulations,  computer-driven  interactive  video,  and  lan- 
guage instruction,  to  name  just  a  few.  Effectiveness  was  a  reasonable  criterion  to 
apply  to  these  new  instructional  ideas.  But  the  dismantling  of  NSF  and  the 
DqMirtment  of  Education  that  began  in  1981  prevented  leading-v  dge,  major  evalu- 
ative projects  on  the  scale  of  the  previous  PJ  ATO  and  ticcit  evaluations. 
Metaanalysis  and  literature  reviews  replaced  large-scale  evaluations  for  most  of  the 
«19808«^  Interpretations  of  these  suidies  of  studies  have  become  Uie  arena  of  evalua- 
tion debate— an  arena  several  times  removed  from  the  trenches  where  actual  woric 
on  CAI  is  done.  Furthermore,  inexpensive  microcomputers  democratized  CAI  and 
more  energy  was  put  forth  on  innovation  than  on  understanding  issues  of  evalua- 
tion and  effectiveness. 

^  .^orically,  demonstration  of  effectiveness  has  been  central  to  vindication  of 
computer-assisted  instruction.  Research  and  debate  about  the  effectiveness  of  CAI 
is  conducted  on  a  wide  scale.  It  is  noi  ^  ^ide  show  in  either  educational  research  or 
individual  disciplines.  It  is  not  over;  and  it  is  not  especially  free  from  ambiguity 
and  confusioih  'I\vo  strategies  for  vindicating  CAI  can  be  distinguished:  "vindica- 
tion by  research**  and  "vindication  by  the  revolution.**  The  research  is  conventional 
educational  research,  and  its  results  are  mixed.  The  revolution  is  the  computer  rev- 
olution, and  its  results  are  unavoidable  even  if  not  systematic  or  univocal.  We  find 
similar  conflict  bet^  l  establistiment  science  and  innovation  in  other  instances  of 
major  scientific,  technical,  or  social  change  where  Uiere  is  pressure  to  revise  exist- 
ing evaluative  alteria,  descriptive  categories,  or  theories. 

Both  the  CAI  researcher  and  the  CAI  revolutionary  want  to  dcmonsuate  effec- 
tiveness, but  U)ey  use  different  meUiods.  The  researcher  measures  quantifiable 
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vaTv.  ^  deflncd  independently  of  computers  and  embedded  in  general  learning 
theories.  Effectiveoess,  defined  as  change  in  achievement*  is  then  tested  in  the  con- 
text of  existing  theory.  Achit/ement  is  concqHually  ind^ident  of  the  uses  of 
computers  for  instruction,  so  controlled  experiments  to  establish  empirically  the 
relationship  of  computer  use  to  achievement  are  ^iparcntly  in  order.  As  the  litera- 
ture shows,  these  experiments  have  been  done  by  the  score. 

The  revdutionaiy  usually  uses  pragmatic  criteria  and  less  entrenched  methods. 
The  revdutioQary  is  more  inclined  to  start  from  the  premise  that  computer-assisted 
instruction  is  sui  generis  and  requires  new  cat^ories  and  methods  to  deflne  and 
test  effectiveness.  For  e^^ple,  many  write-ups  present  qualitative  data,  formative 
evaluations,  or  anecdotal  evidence  as  denK>nstrations  of  effectiveness.  Vindications 
of  CAI  by  such  methodologies  are  often  more  notable  for  vigor  than  rigor. 

Clark's  Critique  of  the  Research  Vindication 

Richard  Clark  has  argued  that  instnictkmal  methods  are  related  to  learning  out- 
comes independently  of  media.^  So  if  computers  are  media  rather  than  methods,  a 
research  vindication  of  CAI  (or  any  odier  delivery  medium)  is  impossible.  Claric 
contends  that  most  attempts  to  vindicate  CAI  fall  into  a  SO-year-old  trap  of  confus- 
ing instructXHial  methods  with  media.  Besides  computers,  he  considers  textbooks, 
video,  mechanical  models,  workbooks,  and  sometimes  teachers  (as  oiqx)sed  to 
teaching)  to  be  nmlia.  The  crux  of  Clark's  claim  is  that  for  matched  studies  where 
media  are  the  only  experimental  variables,  the  null  hypothesis  is  the  expected  out- 
come. Clark  says:  ^'Consistent  evidence  is  found  for  (he  generalization  that  there 
are  no  learning  benefits  to  be  gained  from  employing  any  specific  medium  to 
deliver  instruction,"^  and  adds  that  ^'studies  comparing  the  relative  achievement 
advantages  of  one  medium  over  another  will  inevitably  confound  medium  with 
method  of  instruction.**  I  will  refer  to  diis  as  the  principle  of  parity  of  media.  The 
issue  that  faces  Clark  is  clarification  of  whether  the  principle  of  parity  of  media  is 
true  by  deflnition  or  a  testable  empirical  claim.  His  writings  indicate  he  believes 
both,  and  that  is  not  good  science. 

Two  years  later,  after  an  exchange  wiih  Pctkovich  and  Tennyson,^  Clark  assert- 
ed even  more  pointedly  about  experiments  to  compare  the  effectiveness  of  CAI 
with  oaditional  instruction:  'There  seems  to  be  ample  evidence  in  existing  studies 
that  no  theoretical  reason  exists  to  ask  such  a  question.  Whenever  adequately 
designed  studies  have  asked  the  question,  no  differences  in  achievement  have  been 
found  that  may  be  unambiguously  attributed  to  'computers.'**^ 

We  have  to  take  the  principle  of  parity  as  being  true  in  order  to  :iiakc  sense  of 
that  claim.  Unambiguous  relationships  between  effectiveness  (achievement  gains) 
and  computer-assisted  instruction  cannot  be  established  because  (here  is  always  an 
alternative  implementation  of  the  instruction.  This  is  true  regardless  of  media  or 
methods  being  considered.  If  we  can  always  exchange  media,  then  i  o  particular 
medium  is  decisively  a  cause  of  achievement.  So  the  cause  of  achievement  must  lie 
in  method,  not  medium.  It  is  then  a  corollary  that  educational  methods  can  be  test- 
ed for  effectiveness,  but  educational  media  cannot. 
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Wd  cm  ioiopftt  some  episodes  in  the  history  of  CAI  by  taking  the  principle  of 
piriiy  of  media  as  an  empirical,  testable  claim.  The  principle  is  illustrated  in  the 
histoiy  of  progiammed  teaming.  GriginaUy,  the  medium  was  printed  in  filMn-the- 
blanks  wodAooks  that  branched  users  to  differem  nagcs  depoiding  on  self-scored 
perfonnance.  In  the  1960s  computers  were  found  to  be  anodier  suitable  medium. 
Similarly,  drill4ttid*pnctioe  teaching  methods  are  effectively  implemented  in  hand* 
out  dieets,worUxx)ks,  radio  programs,  and  computer  prt^^  demon* 
strable  effectiveness  conqwied  to  non-driU*and*practice  mediods.  Effectiveness  of 
either  method  in  one  medium  leads  one  to  expect,  and  ui  Clarices  theory  actually 
predicts,  effectiveness  in  another*  In  bcu  these  expectatkm^predictions  were  used 
to  justify  Uiidertaking  the  transposition  of  programmed  instruction  and  drill  and 
practice  to  other  media*  Further  siqwiorting  this  idea,  one  eariy  study  showed  that 
increased  achievement  from  computer-based  drill  and  practice  stimulated  noncom- 
puter  classes  to  do  more  offline  drill  and  practice,  which  also  resulted  in  increased 
achievement*  The  effectiveness  of  drill  and  practice,  not  computers  per  se,  had 
been  validated.  At  best,  computers  catalyzed  an  improvement  in  instructional 
methods,  which  caused  an  increase  in  achievement  Many  similar  catalytic  effects 
of  computers  are  reported  at  this  conference. 

In  the  area  of  computer-assisted  instruction  in  physics,  the  evolution  of  Alfred 
Bork*s  work  reflects  the  idea  th.  t  methods  are  independent  of  media«  Bork  explic- 
itly draws  on  the  theory  of  self-paced  mastery  learning  to  guide  the  design  of  com- 
puter tutorials  in  physics.  His  assumptkm  must  have  been  that  the  methodology 
was  essentially  media  independent  and  hence  woukl  uansfer  to  the  new  computer 
medium.  I  think  it  is  fair  to  say  that  Bork  also  implies  that  because  of  its  interactiv- 
ity, the  computer  medium  could  enhance  learning  more  than  any  other  available 
instructional  technology  such  as  television  or  hand  cafculators.  I  think  Clark  would 
say  the  first  stq>  is  correct  and  the  second  fallacious  because  it  assumes  that  for  a 
given  method  there  are  more  effective  media.  Remember  that  in  all  of  this,  "effcc- 
tiveness*"  means  measurable  changes  in  achievement. 

Experiments  to  Test  Clark's  Theory 

We  only  have  time  to  do  a  gedanken  experiment  to  test  Clark's  theory,  but  con- 
sider the  foltowing:  The  Valid  instructional  program  teaches  an  entire  semester  of 
symbolic  logic  without  scheduled  lectures,  textbooks,  or  conventional  homcwoik.^ 
Everything  in  the  course  is  done  online  except  the  final  examination.  The  insuiic- 
tional  melhodok>gy  used  by  Valid  is  composed  of  three  main  p^: 

1.  Interactive  exposition  of  the  concepts  and  principles  of  logic  (e.g..  crplai  uon 
of  the  concqiH  and  a  formal  defmition  of  'valir*  -^xgument*). 

2.  Interactive  theorem  proving  (i.e.,  students  consuiict  proofs  that  are  checked  step 
by  stq>  so  feedback  about  errors  is  given  at  the  earliest  possible  moment). 

3.  Self-paced  progress  and  on-demand  insuiiction  (i.c.,  students  woric  when  they 
want  to,  for  as  long  as  they  wish).  Let*s  call  this  insuiic tional  methodology 


ERLC 


327 


Ager  313 


^'method  V.**  Method  V  is  generic  and  itas  been  applied  to  other  subjects  in  the 
family  of  axiomatic  mathematics  and  formal  systems. 

Ciatfc's  theory  predicts  that  the  effectiveness  of  method  V«  which  is  currently 
impkmemed  on  conqniterst  is  independent  of  media.  I  predict  thai  a  human  imple- 
meatatioii  of  method  V  would  differ  in  effectiveness  for  reasons  Intrinsic  to  the 
altenative  medium,  viz.,  intense  interpersonal  relationships,  high  error  rates  on  the 
human  proof  checkers^  unreliable  implementation  of  the  real-time  responrveness 
requirements  of  method  but  most  of  alK  the  almost  moral  certainty  that  each 
hunun  implementation  of  method  V  would  differ  more  one  from  the  other  than 
each  computer  imidementation.  The  human  implementations  lack  the  desirable 
properties  of  stability  and  replicability. 

But  I  would  not  dispute  that  thoe  probably  are  media  independent  methods 
other  than  method  V  that  are  just  as  effective  for  logic  instruction.  This,  however, 
seems  to  catch  Clark  at  his  own  game,  since  his  argument  besed  on  parity  of  media 
can  be  apfdied  to  his  own  position,  if  tran^x)scd  to  a  principle  of  the  plurality  of 
equally  effective  methods.  Since  achievement  cannot  be  unambiguously  attributed 
to  method,  method  is  not  the  causal  factor  in  achievement  This  leaves  students  as 
the  only  active  items  not  factored  out  of  Clark*s  learning  model  Could  students  be 
the  causes  of  achievement? 

This  gedanken  experiment  is  symptomatic  of  the  clash  between  the  research 
and  revolutionary  programs  to  vbdicate  computers.  Method  V  requires  immediate 
feedback,  self-directed  pace,  and  zero  tolerance  of  errors  in  consmiction  of  proofs. 
It  requires  time-critical  and  in'personal  interactions  with  students  that  can  be  met 
by  some  media  but  not  by  others.  Thr^tfore,  for  method  V,  medium  makes  a  differ- 
ence and  effectiveness  of  method  V  will  vary  depending  on  medium.  Method  V  is 
a  revolutionary  instructional  method,  borrowing  here  and  there  from  mastery  learn- 
ing and  programmed  instruction,  but  it  includes  in  its  specification  sonte  require- 
ments that  were  impractical  30  years  ago.  So  the  revolutionary  argues  that 
computers  generate  a  new  class  of  media-specific  methods,  and  hence  the  SO-ycar- 
old  concqHual  distinction  between  media  and  methods  no  longer  applies.  The  cate- 
gories that  define  instructional  methods  need  revision. 

A  Physics  Analogy  to  the  Parity  of 
Media  Principle 

Further  doubts  about  the  parity  of  media  principle  arise  when  we  draw  an  anal- 
ogy from  high  school  physics.  Pressure,  temperature,  and  volume  arc  related  by  Jie 
Charies-Boyle  gas  law,  PV  =  nRT.  Say  a  physicist,  we*ll  call  him  Charles  Boyle 
Claric,  tells  us  that  there  are  various  media  in  which  volumes  exist,  like  jugs,  boxes, 
tubes,  and  balloons,  but  that  his  hw  of  gases  holds  independently  of  how  we 
''implement*'  volume  or  what  "^mediunr  v/e  use  to  enclose  a  volume.  We  can  live 
with  that  unUl  we  try  to  build  a  real-worid  device  like  an  internal  combustion 
engine  that  gets  26  miles  per  gallon  of  gas.  It  is  not  clear  that  we  can  improve 
mileage  ("effectiveness**)  without  taking  cylinder  geometry  and  materials 
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C'medial  into  account  in  implementing  the  volume  variable  in  the  gas  law  and  the 
other  iclevant  thennodynamic  principles. 

To  aiguc  that  the  geometry  of  cylinders  is  irrdevant  to  the  design  of  effective 
engines  because  cylinders  aie  only  one  of  any  number  of  logically  possible  imple- 
mentations of  the  volume  variable,  reflects  some  profound  confusion  about  the 
methodology  of  applied  science  (technology)  as  opposed  to  the  establishment  of 
abstract  tbeocetical  principles.  Real-world  engineering  is  a  jungle  of  trade-ofifs  to 
take  acc  junt  of  interfering  factors  that  dther  are  absoibed  into  physical  constants 
or  packed  into  experimental  enor  at  the  abstract  theoretical  level.  No  eighth  grader 
doing  classical  Boyle-Charles  Law  experiments  needs  to  bother  with  Van  der 
Waals  forces  or  chemical  reactions  of  the  gas  with  the  sides  of  the  vessel. 
However,  in  apidying  that  theory,  the  engine  designer  must  take  those  things  into 
account 

Qaik's  idea  that  computers  belong  lo  a  set  of  interchangeable  media,  depends 
on  a  simplistic  view  of  the  telationship  between  pure  and  ai^Iied  theory.  The  pres- 
ence of  complex  media,  which  have  objective  and  affective  properties  (e.g.,  relia- 
bility and  enjoyment)  known  lo  influence  achievement,  must  be  taken  into  account 
just  as  the  materials  and  sh^  of  cylinders  are  important  in  the  internal  combus- 
tion engine  applications  of  thennodynamics  and  the  ideal  gas  law.  The  practical 
effectiveness  of  any  design  always  dqwnds  on  both  the  underlying  theory  and  the 
implementation. 

Clark's  Confounding  Claims 

Rnally,  let's  interpret  parity  of  media  as  authorizing  a  redescription  of  experi- 
ments, because  by  deflnition  insuiictional  methods  are  gen^c  and  allow  multiple 
alternative  implementations  or  mc^ia.  Int^reted  this  way,  parity  of  media  is  a 
built-in  component  of  what  we  mean  by  an  instructional  medium.  Therefore  the 
causal  impotence  of  computers,  for  example,  is  entailed  by  the  meaning  of  the  term 
"media,"  but  of  no  empirical  significance  since  it  is  an  invariant  stniciuial  feature 
of  the  descriptive  categories,  not  the  facts.  This  way  of  categorizing  things  results 
in  all  interesting  differences  between  experimental  and  control  groups  being  assim- 
ilated to  method.  In  certain  cases  this  assimilation  makes  sense,  and  in  others  it  is 
arguable.  There  is  an  example  of  each  below.  But  when  Clark  says  the  assimilation 
or  confounding  is  inevitable,  his  view  approaches  the  "true  by  definition"  interpre- 
tation, thereby  making  the  empirical  content  of  his  skepticism  aboiil  computers 
vanishingly  small.'^ 

In  his  examination  of  42  studies  of  the  effectiveness  of  CAl.  Clark  claims  the 
experiments  are  pervasively  flawed  either  because  of  media-method  or  media- 
media  confusion,  both  of  which  result  from  not  understanding  the  generality  of 
method  as  opposed  to  the  specificity  of  media. 

1.  Media-Method  Confounding,  By  failing  to  understand  the  general  meaning  of 
method  variables,  the  experimenter  does  not  control  for  instructional  method,  so 
effects  attributed  to  media  are  confused  w  th  effects  of  the  instructional  method. 
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Consider  a  comparison  between  a  lecture-^liscussion  presentation  of  the  laws  of 
Ofbital  roocion  and  a  self-paced,  interactive,  exploratory  computer  tutorial  on 
the  same  subject  Sun)ose  the  latter  turns  out  to  be  more  eflective.  We  con* 
found  media  and  method  if  we  say  computers  are  better  than  people  as  instruc- 
tional media  for  orbital  motion.  We  should  say  that  the  self-paced,  exploratory 
method  is  better  than  lecture-discussion. 

2.  Media-Media  Corfounding.  The  experiment  is  flawed  because  it  does  not  con- 
trol for  medium.  Even  if  instructional  method  is  controlled,  media  may  con- 
found. An  interesting  limiting  case  arises  if  the  teacher  is  classified  as  a 
medium.  When  the  same  person  teaches  the  conut)l  group  and  is  teacher  and/or 
developer  of  the  CAI  group,  effect  sizes  tend  to  be  smaller  or  negative  com- 
pared with  similar  experiments  where  the  teacher  differs.  Why  does  this  happen 
and  what  does  it  mean?  The  research  vindication  of  CAI  can  argue  either  that 
there  is  a  **John  ^<enry"  effect:  the  teacher  works  harder  and  more  conscien- 
tiously in  the  control  group,  adjusting  his  or  her  performance  to  the  level  of 
CAI.  or  there  is  a  "Peter  Principle":  the  CAi  design  or  control  group  adjusts  to 
the  teacher's  level  of  competence.  Either  way,  disappearance  of  the  predicted 
variance  is  explained  by  reduction  of  the  experiment  to  the  null  hypothesis  by  a 
Peter  Principle  or  a  John  Henry  effect 

Contrarily,  Clark  argues  that  the  disappearance  of  the  variance  doesn't  need  to 
be  explained  away,  because  it  is  predicted  by  his  theory  where  teacher  simpliciter 
or  teacher-cum-computer  are  just  *'media"  and  media  cannot  make  a  difference.  An 
alternative  hypothesis  Clark  doesn't  discuss  is  that  because  teachers  can  reprogram 
themselves,  they  can  become  a  dominant  medium.  A  simple  way  of  stating  this  is 
that  teachers  {qua  media)  can  retard  or  advance  achievement 


Summary  of  the  Critique  of  Clark 

Clark's  skepticism  about  research  vindications  of  CAI  uses  a  principle  of  parity 
of  media  with  respect  to  method  to  assimilate  all  interesting  differences  to 
"method"  variables.  By  definition,  computer  components  are  classified  as  "media" 
variables.  But  media  variables  cannot  affect  achievement,  so  computers  cannot 
affect  achievement 

I  make  two  criticisms: 

1.  The  principle  of  parity  of  media  seems  eminently  testable  in  extreme  cases  or 
for  highly  specific  instructional  methods  such  as  method  V.  Ii'*:  just  that  nobody 
wants  to  take  credit  for  showing  that  Spanish  as  an  insuiictional  mcdi'  ii,  is  bet* 
ler  than  Chinese  for  children  in  Honduras,  for  some  fixed  subject  matter  and 
instructional  method. 

2.  More  important,  though,  Clark's  critique  misconsuiics  the  long-term  process  of 
technological  research  and  development.  His  strongest  arguments  come  from 
studies  that  use  well-established  insuiictional  methods  such  as  programmed 
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teaming  or  drill  and  practice  as  method  variables  in  experiments  to  vindicate 
CAL  As  a  development  strategy,  it  was  correct  for  early  CAI  to  bootstrap  from 
the  programmed  learning  and  drill-and-practice  methods,  using  established 
achievement  levels  as  development  taigets.  It  is  to  be  expected  that  new  tech- 
nology will  make  some  contributions  of  its  own  to  the  repertoire  educational 
methods.  At  first,  these  new  methods  will  be  implementation-  specific,  like 
method  V.  But  there  will  be  an  attempt  to  generalize  new  methods  and  make 
them  less  media  specific.  I  think  it  is  extremely  interesting  that  there  are 
instructional  methods  that  arc  robust  over  difTerent  media,  subject  matters,  and 
students.  It  is  not,  however,  a  trivial  or  inevitable  theoretical  consequence  that 
this  is  so,  but  rather  that  the  practical  objectives  of  the  development  of  new  edu- 
cational media  or  methods,  require  meeting  existing  achievement  standards 
empirically  established  by  existing  methods. 

Rnally,  because  of  the  complexities  of  CAI  development,  we  have  to  content 
ourselves  to  woric  in  subjects  th^t  arc  well  understood  from  an  instructional  stand- 
point and  consequently  for  which  we  arc  asymptotically  apinroaching  the  maximum 
achievement  gains  possible  for  large  numbers  oi  '^ndomly  selected  students,  who 
arrive  with  and  continuously  reveal  grcat  individual  differences.  As  Clark  suggests, 
we  should  not  expect  dramatic  achievement  gains  in  subjects  we  already  teach 
rather  well  by  a  variety  of  media-method  combinations.  But  by  the  same  token,  it 
is  only  reasonable  to  insist  that  we  avoid  spending  time  and  money  on  media  that 
an  not  competitive  in  effectiveness. 


Issues  of  Individualization  in  CAI 

The  purpose  of  this  part  of  the  paper  is  to  discuss  strategies  for  making  CAI  effec- 
tive by  individualizing  instruction.  Because  this  is  an  emerging  area  of  CAI,  I  want 
to  assume  for  the  sake  of  the  argument,  that  for  subjects  where  incoming  ability 
and  achievement  vary  yet  instructional  goals  are  uniform,  individualization  is  a 
plausible  method  to  reach  a  common  learning  goal  by  different  routes  or  strategies. 
Adsptiye  teaching  methods  ;»nd  individualized  tesi-and-branch  rtgimens  for  ele- 
mentary mathematics  insuruction  indicate  individualization  is  effective  in  many 
cases.  The  question  explored  here  is  whether  to  extend  individualization  to  com- 
plex subjects  with  strong  formal  components  at  the  advanced  secondary  and  under- 
graduat/;  levels. 

WhyComputer-Based  Instruction? 

Should  logic,  mathematics,  or  physics  be  taught  on  an  individualized  basis 
instead  of  more  impersonally  to  groups?  In  fact,  why  use  'computers  in  any  direct 
instructional  role  for  these  subjects?  Computers  have  an  im^rtant  place  already  as 
tools  for  calculation  and  simulation,  not  to  mention  their  usefulnesr  in  writing  up 
class  assignments  or  preparing  handouts. 
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1.  Access.  Delivery  of  curriculum  by  computers  can  increase  access  to  subjects. 
We  find  that  although  calculus  appears  to  be  taught  to  about  600*000  American 
high  school  students*  about  three  fourths  of  the  nation's  high  schools  are  not 

^'f  iqnesented  among  the  approximately  60*000  students  who  take  the  advanced 

placement  calculus  examina^'^'n.  The  underrepresentation  of  schools  in  the  AP 
tests  is  laigely  because  most  '/inericaii  school  districts  are  small  and  frequently 
cannot  allocate  resources  to  teaching  advanced  placement  courses. 

2.  Serving  Special  Needs  at  the  Margins.  CAI  technologies  can  be  designed  so  that 
time,  place*  level*  and  rate  of  learning  can  be  variables  in  the  overall  system. 
Classroom  instruction  tends  to  fix  all  four. 

3.  Resource  Allocation.  If  stable  parts  of  a  curriculum  iire  offloaded  to  computer- 
based  instruction*  possibilities  for  reallocation  of  teaching  resources  occur. 
Resource  reallocation  is  good  if  you  don't  have  to  grade  300  exercise  sets  on 
the  Boyle^harles  law  every  year*  bad  if  it  leaves  you  with  nothing  to  do. 

4.  Standardization  and  Quality  Control.  Calculus  is  a  good  example.  Most  calcu- 
lus students  are  taught  by  relatively  inexperienced  graduate  students.  Nationally 
about  SO  percent  of  calculus  students  fail.  Regardless  of  whether  these  two  facts 
are  related,  clients  of  mathematics  departments  would  benefit  if  they  could 
count  on  a  quality-controlled,  reasonably  standardized  knowledge  of  calculus  in 
their  students.  Similarly,  the  elementary  physics  courses  serve  clients  in  the  uni- 
versity who  would  enjoy  similar  guarantees. 

5.  Effectiveness  and  Side  Effects,  Even  if  effectiveness  is  merely  maintained  and 
not  dramatically  improved,  there  are  ancillary,  desirable  side  effects  of  under- 
taking CAI  development  work  in  new  areas  with  new  methods.  Our  work  on 
calculus  and  logic  instruction  is  directly  related  to  research  in  computer  algebra 
and  theorem  proving. 


Why  Individualized  instruction? 

Individualization  is  an  essential  ingredient  of  most  established  CAI  methodolo- 
gies including  dialogues,  programmed  learning,  adaptive  drill  and  practice,  and 
self-paced  learning.  It  is  widely  accepted  that  these  methods  can  be  individualized 
for  msiiy  subjects,  but  most  successfully  for  skill-  or  fact-orienicd  subjecr* 

For  the  subjects  we  are  considering  (logic,  elovncnt^r)'  calculus,  elementary 
physics*  etc.)*  we  have  evidence  that  howevc  r  narrowly  we  specify  nonuivial  prob- 
lem-solving tasks,  individual  student';  solve  the  same  problem  differently.  We  have 
additional  evidence  that  student  preferences  affect  achievement,  and  that  when 
time  is  taken  into  account,  the  same  solutions  to  problems  can  exhibit  remarkably 
diff3rent  latencies.  As  students  are  given  more  problem-solving  resources  and 
assigned  more  complex  problems,  diffeiences  among  student  solutions  increase. 
Some  responsiveness  to  these  differences  on  the  insu-uctional  side  is  necessary. 
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Here  aie  several  examples  of  the  kind  of  variance  we  find  in  daia  collected 
fiom  the  Valid  and  Excheck  programs  at  Stanford,  both  of  which  require  extensive 
interactive  theorem  proving  from  studcntsJ^  Most  students  complete  all  work  for 
the  Ui/id  program  in  60  to  80  hours,  but  the  tow  is  about  35  hours  and  the  high  is 
over  110  hours.  For  a  given  proof  in  logic,  we  found  in  a  spot  check  of  two 
students,  that  one  did  the  problems  in  about  60  interactions  with  the  computer,  the 
other  used  over  3S0  interactions  to  produce  a  virtually  identical  proof.  For  prob- 
lems with  a  fixed  set  of  correct  solutions,  some  solutions  are  favored,  but  all  are 
rqvesented*  In  proofs  of  the  more  complicated  thecrems  ^^uired  in  set  theory, 
there  is  much  greater  variance  in  length  of  proof.  For  a  sample  of  1,500  proofs  of 
75  different  theorems,  the  average  length  of  the  shortest  proof  of  each  theorem  was 
3.5  stq>s;  the  average  length  of  the  longest  proof  of  each  was  54.?  steps.  Further 
analysis  of  these  student  proofs  fails  to  reveal  patterns  of  steps  that  would  describe 
strategies  or  predict  patterns  in  future  proofs  by  the  same  student 

The  fundamental  reason  for  individualizing  insUiiction  in  mathematics  and 
mathematical  sciences  is  that  students  solve  complicated  problems  differently; 
good  instruction  should  be  able  to  accommodate  and  be  responsive  to  these  difTer- 
ences.  In  the  Valid  and  Excheck  programs  we  have  uied  to  individualize  insu-uction 
insofar  as  we  can,  corstrained  on  the  one  hand  by  the  limitations  of  die  computer 
medium  and  on  the  other  by  the  nature  of  Jic  subject  matter. 


Media  Constreints 

In  the  Valid  course,  which  deals  with  elementary  symbolic  logic,  we  do  not 
encountCi  serious  media  consuaints  on  the  individualization  of  logic  instruction, 
except  for  the  following  humorous  case.  A  student  had  exhausted  all  available 
compute  memory  with  a  proof  of  a  simple  theorem  that  in  his  case  had  swelled  to 
something  over  600  steps.  However,  in  the  Excheck  system  to  teach  axion^'^tic  set 
theory,  ajmputalional  complexity  is  a  practical  consu^int  of  the  medium.  Certain 
routines  depending  on  resolution-theorem  proving  have  to  be  terminated  after 
exhausting  a  ordain  cpu  allocation.  (This  allocation  was  30  cpu  seconds  for  the 
machine  on  which  the  initial  studies  of  student  proofs  was  done;  the  current 
machine  will  dxrease  that  allocation  by  an  order  of  magnitude.)  It  wii!  be  interest- 
ing to  compare  student  use  of  the  resolution-bascd  tools  on  a  faster  medium,  smcc 
sUidents  previously  complained  about  slowness. 


Method  and  Content  Constraints 

Both  of  these  systems  implement  decision  procedures  for  iragmcni:;  of  the  theo- 
retical domain  they  cover.  But  in  most  parts  of  advanced  logic  and  mathcmat  ;s  the 
best  we  can  hope  for  is  partial  decision  procedures.  Our  goals  have  been  to  imple- 
ment systems  that  arc  consistent  (cveiy  step  they  .cnify  in  a  proof  is  a  valid  step.) 
but  not  complete  (they  cannot  ccnify  every  valid  step.)  Tummg  off  a  resolution- 
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ihcorcm  provcr  after  exhausting  some  cpu  allocation  is  a  media  constraint  The 
general  inability  to  decide  mechanically  the  coktectness  of  every  proposed  infer- 
ence is  a  theoretical  constraint  due  to  the  content  of  the  courses.  Within  such  con- 
straints of  the  medium,  students  aie  free  to  construct  any  valid  proof  as  a  solution 
to  a  theorem-proving  iroblem. 


Individualized  Evaluation  of  Student 
SolutioRS 

I  have  already  mentioned  that  in  complex  subjects  there  is  great  variance 
among  student  solutions  to  nontrivial  problems.  Our  approach,  which  I  call  ''inter- 
active reasoning,""  has  been  to  make  the  computer  smart  enough  (within  the  inher- 
ent limitations  of  media  and  subject  mauer)  to  recognize  correct  answers  when  it 
sees  them.  How  is  this  done?  Problems  in  these  subjects  tend  to  have  stepwise 
solutions.  We  check  each  step  as  it  is  proposed  and  certify  or  reject  it,  based  on 
whether  it  follows  from  steps  already  in  the  proof.  In  this  way  a  connected,  valid 
segment  of  reasoning  is  built  up  stq)  by  step.  Once  a  nauiral  and  convenient  granu- 
larity of  sucb  steps  is  found,  students  are  free  to  And  any  correct  soluuon  to  a  prob- 
lem. The  design  cost  of  this  freedom  is  that  essentially  the  entire  logical  and 
mathematical  underpinnings  of  the  subject  have  to  be  present  in  the  insmictional 
system,  and  there  must  be  a  representation  of  arguments  or  derivations  as  connect- 
ed wholes,  not  just  as  isolated  calculations. 

A  Seconal  ^proach,  often  called  "intelligent  tutoring."  is  to  make  the  machine 
smatt  enough  so  that  it  can  solve  the  problem  itself  and  compare  its  internal  solu- 
tion to  the  sttident's.  Taken  together,  such  approaches  are  often  called  intelligent 
computer-assisted  insmiction  (ICAI).  (Wenger^^  provides  a  review  of  the  field  and 
Kearsley^^  and  Sleeman  and  Brown^^  provide  recent  compendia  of  essential  ICA! 
parers.)  The  trouble  is  that  for  the  types  of  courses  being  considered  here.  ICAI 
approaches  do  not.  as  a  practical  maUer.  now  accommodate  the  variety  of  solutions 
that  students  acUially  produce,  and  there  are  no  well  worked  out  logical  or  mathe- 
matical theories  of  how  to  construct  the  relevant  set  of  correct  proofs  for  hard 
problems  in  serious  subject  matters  like  calculus.  Whereas  the  interactive  reason- 
ing approach  gives  the  students  maxinud  freedom  to  construct  corrccl  solutions, 
intelligent  tutoring  tends  to  conven"^  suadenls  on  solutions  the  machine  is  able  to 
generate,  which,  given  the  slate  of  the  art.  is  not  a  significant  set  in  any  but  the 
most  elementary  logical  theories  that  have  constructive  decision  procedures. 

A  third  ICAI  approach,  which  can  be  called  "diagnostic  tutoring."  would  be  to 
have  the  computer  figure  out  what  studenr?  arc  up  to  when  they  need  help.  Anyone 
who  has  ever  uied  such  an  approach  for  even  a  simple  subject,  will  tell  you  that  in 
the  1980s  such  a  dream  is  premature.  Data  from  students  using  the  Excheck  set- 
theory  program  show  that  detection  of  a  strategic  or  tactical  pauem  from  initial 
segments  of  a  proof  is  not  possible  because  random  choices  occur  in  the  construc- 
tion of  solutions  to  hard  problems  by  nonexpert  students.^^ 
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We  are  facing  these  issues  as  we  try  to  build  a  system  to  teach  the  first  year  of 
calculus. And  our  approach  is  interacdve  reasoning:  we  will  build  a  system  in 
which  consistency  of  mathematical  inference  can  be  maintained,  but  that  will  not 
be  able  to  solve  complex  calculus  imblems  on  its  own  or  infer  what  a  student 
might  be  doing  strategically.  Interacdve  reasoning  works  because  of  an  explicit 
partnership  between  the  student  and  the  computer.  On  the  other  hand,  calculus 
(unlike  logic  or  set  theory,  which  are  more  austere  subjects)  supports  the  use  of 
handy  subroutines  such  as  finding  critical  points,  finding  zeroes,  uddng  a  limit  at  a 
pointt  taking  a  derivative,  and  establishing  conUnuity  that  fit  togedier  in  standard 
ways  in  solutions  to  more  complex  problems.  Such  building  blocks,  if  they  are 
identified  and  used  as  such  by  students,  could  map  more  local  structure  onto 
diverse  student  solutions,  possibly  allowing  a  cautious  step  in  the  direction  of  diag- 
nostic tutoring. 

Adjudicating  Design  Issues  in  Complex 
CAI  Systems 

I  have  explained  some  of  the  factors  that  need  to  be  taken  into  account  to 
design  CAI  systems  for  individualized  instruction  in  logic  or  calculus,  and  by  obvi- 
ous anabgies,  physics  or  elementary  ical  analysis.  I  want  to  conclude  by  indicating 
some  practical  difficulties  in  making  good  design  decisions  for  these  wcvy  compli- 
cated researc  h  and  development  efforts. 

In  designing  advanced  CAI  systems,  we  are  constrained  by  the  possible.  In 
addressing  individualization  issues  such  as  those  described  above,  we  have  two 
complementary  ways  to  07  to  increase  individualization: 

1.  By  maximizing  the  capacity  for  students  to  articulate  and  consu-uct  connected 
chains  of  correct  rc<isoning  within  the  particular  theory  or  subject. 

2.  By  maximally  understanding  student  behavior. 

The  former  requires  massive  efforts  in  subject  matter  refinement  ;ind  imple- 
mentation. The  latter  requires  precise,  implementable  theories  of  cognition  and 
subject-matter-specific  theories  of  individual  differences  in  learning.  The  ICAI 
program  would  place  its  bets  on  the  ability  to  construct  acceptable  student  models 
and  individualize  instruction  by  refeience  to  the  characteristics  of  such  models. 
The  approach  we  are  taking  at  Stanfo^d  is  more  conservative.  We  place  our  bets  on 
the  ability  to  do  an  acceptable  implementation  of  the  subject  matter  we  are  trying 
to  teach.  To  teacii  calculus,  implement  calculus.  To  teach  kinematics,  implement 
kinematics.  To  teach  logic,  implement  logic.  This  gives  students  freedom  to  leam 
the  theory  and  its  tools  by  freely  operating  within  an  honest  and  (insofar  as  possi- 
ble) complete  theoretical  framework.  Both  approaches  are  formidable;  both  ought 
to  be  tried,  but  not  at  once.  Our  judgment  is  that  by  focusing  on  subject  matter 
rather  than  cognition  as  the  core  of  the  system  and  interactive  reasoning  as  a 
method,  we  will  be  able  to  attain  acceptable  levels  of  effectiveness  for  a  computer- 
based  instructional  system  for  the  whole  of  elementary  calculus. 
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In  the  first  part  of  this  paper  I  discussed  one  of  Clark's  skepdcal  arguments 
about  CAI  evaluation  at  great  length.  I  am  now  at  a  p-^int  where  if  his  lessons  made 
senss,  I  could  apply  them  as  follows:  It  is  an  enormously  complicated  problem  to 
state  the  criteria  for  valid  infererice  in  a  subject  like  physics  or  calculus  where  the 
notation  used  does  not  explicitly  or  uniformly  rq)resent  the  entire  semantic  content 
of  the  statements  it  is  used  to  make.  Nobody  really  knows  how  to  do  this  in  1988. 
However,  it  is  not  too  hard  to  fmd  people  who  can  recognize  correct  proofs  in  cal- 
culus and  reliably  grade  them.  Grading  the  AP  calculus  test  brings  hundreds  of 
them  to  New  Jersey  each  year.  Since  the  problem  of  representing  this  knowledge  is 
a  consequence  of  choosing  computers  as  a  medium,  using  Clark's  reasoning,  I 
might  more  profitably  focus  my  attention  on  an  insUiictional  method  for  calculus, 
leaving  the  media  details  aside,  since  in  a  properly  categorized  world,  computers 
cannot  make  a  difference. 

Research  on  the  VALID  and  EXCHECK  systems  was  partially  supported  by  National 
Science  Foundation  Grants  EPP.74-15016.A01.  SED.74-15016-A03  and  SED-77.096998 
and  by  the  Fund  for  Improvement  of  Postsccondary  Education  Grant  GOO. 780-3800. 
Research  on  the  calculus  instructional  system  is  supported  by  NSF  Grants  MDR. 85-50596 
andMDR-87-51523. 
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New  technology  has  contributed  to  a  new  strategy  for  teaching  concept*;  through 
laboratory  science.  This  strategy  is  the  use  of  the  microconr.puicr-bascd  laboratory. 
MBL  £q[)plications  have  removed  much  of  the  drudgery  that  is  often  part  of  labora- 
tory investigation,  allowing  students  to  focus  more  clearly  on  the  scientific  phe- 
nomena under  investigation  and  to  perform  original  investigations. 

Four  questions  emerge  from  the  literature  on  the  effect  cf  microcomputer-based 
laboratories  on  scientific  exploration.  (1)  Do  students  who  interact  with  MBL 
equipment  and  curriculum  generate  more  experimental  trials  than  without  such 
materials?  (2)  Does  composition  oi  tiic  lab  groups  by  gender  influence  the  number 
of  unique  trials?  (3)  What  is  the  relationship  berween  general  achievement  in  sci- 
ence and  the  number  of  experimental  trials?  (4)  What  is  the  relationship  between 
the  number  of  unique  trials  and  the  level  of  understanding  of  the  concept? 

We  are  conducting  a  study  of  the  effects  of  the  microcomputer-based  laboratory 
cn  the  scientific  exploration  of  the  reflection  and  refraction  of  light  by  seventh- 
grade  sUidents.  The  sUidy  consists  of  a  2  by  2  by  3  factorial  design  with  laboratory 
mode,  staridardized  achievement  score,  and  lab  pairings  as  the  independent  vari- 
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ables.  The  dependent  variables  arc  the  number  of  unique  experinoental  trials  and 
concept  achievement  score.  Concept  achievement  score  is  defined  as  the  adjusted 
post-test  achievement  score  on  the  reflection  and  refraction  of  light  with  the  pretest 
asthecovariate. 

Students  from  thre^e  middle  schools  were  involved  in  the  study.  The  children  in 
each  class  weie  stratified  and  paired  by  achievement  on  the  science  subtest  of  the 
California  Achicven^nl  Test  (CAT).  These  pairings  consisted  of  three  categories: 
giri-giri  pairing,  boy-boy  pairing,  and  giri-boy  pairing.  The  lab  pairings  were  ran- 
domly assigned  to  one  of  two  laboratory  modes  stratified  by  pairing  category  and 
by  standardized  achievement  score. 

Half  the  students  participated  in  a  laboratory  activity  that  used  an  Apple  He 
microcomputer  to  montta  the  angles  of  incidence,  reflection,  and  refraction  of  an 
infrared  light  source.  The  other  half  used  a  He-Ne  laser  for  the  light  source  and 
measured  the  angles  of  incidence,  reflection,  and  refraction.  Both  groups  mcasuitd 
the  angles  as  the  lighi  interacted  with  a  rotated  jar  half-filled  with  water. 

Students  in  each  laboratory  mv^e  recorded  the  data  on  prepared  data  sheets. 
The  students  were  a^ked  to  determine  the  relationship  among  angles  of  incidence, 
reflection,  and  refraction.  Observers  recorded  experimenting  time  and  number  of 
trials.  AH  students  were  briefly  interviewed  at  the  end  of  the  exploration  session. 

A  post-test  on  reRsction  and  refraction  was  given  to  the  participants  three  days 
after  the  conclusion  of  the  laboratory  activity.  We  arc  using  a  three-way  analysis  of 
variance  to  analyze  the  data.  We  will  present  the  analysis  of  the  data,  which  was 
collected  in  March  and  April  1988,  during  this  session. 
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la  the  last  decade  many  papers  have  been  published  on  the  way  students  Icam.^ 
Many  students  Icam  best  by  doing.^  When  one  Icams  to  ride  a  bicycle,  drive  a 
stick-shift  car,  ice  sk?lc,  or  ski,  at  first  mastery  seems  impossible.  A  single  success- 
ful trial,  however,  produces  an  immediate  physiological  recognition  of  success,  and 
progress  thereafter  is  rapid.  Such  experience  is  called  kinesthetic. 

Students  have  informal  remembrances  of  past  real-life  experiences,  and  some- 
times physics  teachers  will  \ry  to  u^nslalc  between  these  experiences  and  the  text- 
book. In  lecture  demonsU'ations  teachers  supply  "canned**  vicarious  kinesthetic 
experiences.  In  phy«ics  laboratories  teachers  supply  direct  kinesthetic  physics 
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experiences.  Of  these  three  methods,  only  physics  laboratories  provide  the  active 
participation,  either  in  problem  solving  or  in  understanding  theoretical  concepts, 
that  most  reliably  i;ads  to  sttident  intuition. 

It  is  relatively  easy  to  construct  kinesthetic  laboratory  experiences  involving 
force.  Other  ccivepts  are  mart  difficult,  though  they  may  seem  no  less  fundamen- 
tal to  physicists.  The  computer  makes  it  easier  for  students  to  experience  such  con* 
cqHs  kinesthetically. 

The  ideas  of  di^laccment  and  velocity,  for  example,  are  often  difficult  for  stu* 
dents  to  gra^.  versions  of  laboratory  I4)paratus  using  sonic  range  finders 

to  measure  distance  (displacement),  speed  (velocity),  and  acceleration  and  to  dis- 
play these  data  on  the  screen  of  a  microcomputer  in  real  time  are  now  available. 
Such  apparatus  allows  students  to  learn  about  grsq>hing  and  gives  them  the  sort  of 
kinesthetic  experience  of  motion  they  need  to  really  understand  it.^ 

Such  computer-assisted  laboratory  experiences  arc  becoming  freely  available. 
The  enriched  laboratory  experience  they  provide  allows  students  to  focus  on  their 
interaction  with  nature. 

niysks  teachers  often  regard  the  laboratory  as  a  place  ^^!.ere  students  come  to 
understand  physical  concepts  and  the  limitations  of  the  measurement  process.  It  is 
uue  that  the  apparent  accuracy  of  interfaced  computer  measurements  will  subvert 
this  aim.  But  the  laboratory  is  more  than  a  place  for  measuring  quantities.  The  use 
of  computer  tools  should  be  welcomed  because  they  allow  students  to  feel  their 
measurements  during  the  measurement  process.  This  sort  of  kinesthetic  "instant 
accuiuiration**  in  the  labs  frees  the  lecturer  from  ineffective  **show  and  tcH**  and 
allows  more  useful  employment  of  the  lecture  hour. 

1.  The  way  students  leam:  A.  Arons,  Development  of  Concepts  in  Physics  (Reading,  MA: 
Addison- Wesley,  1965);  A.  Arons,  "Phenomenology  and  Logical  Reasoning,**  in 
Proceedings  of  the  International  Conference  on  Education  for  Physics  Teaching,  edited 
by  P.  J.  Kennedy  and  A.  Loria  (Edinburgh,  Scotland:  International  Commission  on 
Physics  Education,  1980);  A.  Arons»  '^Student  P  aucms  of  Thinking  and  Learning  (I,  II, 
&  m);*  Phys.  Teach.  21, 576  (1983)  and  Phys.  Teach.  22, 21  and  88  (1984);  F.  Reif  and 
M.  St.  John,  'Teaching  Physicists'  Thinking  Skills  in  the  Laboratory, **  Am.  J.  Phys.  47» 
950  (1979);  P.  J.  Peters,  '*Even  Honors  Students  have  Conceptual  Difficulties  with 
Physics"  Am.  J.  Phys.  SO,  501  (1982);  J.  A.  Rowell  and  C.  J.  Dawson,  "Laboratory 
Counterexamples  and  the  Growth  of  Underst^ndmg  in  Science,**  Eur.  J.  Sci.  Ed.  5,  203 
(1983);  J.  Solomon,  **Leaming  about  E  crgy:  How  Pupils  Think  in  Two  Domains,** 
Eur.  J.  Sci.  Ed.  5, 49  (1983);  E.  Guesne,  ••Chi)aren*s  Ideas  about  Light,**  in  New  Trends 
in  Physics  Teaching,  edited  by  J.  Solomon  (Paris:  UNESCO,  1984),  pp.  179-92. 

2.  J.  Spears  and  D.  Zollman,  *The  Influence  ol  Structured  versus  Unstructured  Laboratory 
on  Students*  Understanding  the  Process  of  Science,**  J.  Res.  Sci.  Teach.  14,  33  (1977); 
R.  F.  linker  and  G.  A.  Stringer,  ^^Microcomputers!  Applications  to  Physics  Teaching,** 
Phys.  Teach.  16,  436  (1978);  R.  F.  Tinker.  "Microcomputers  in  the  Teaching  Lab,** 
Phys.  Teach.  19,  94  (1981);  A.  Hofstcin  and  V.  N.  Lunetta.  'The  Role  of  the 
Laboratory  in  Science  Teaching:  Neglected  Aspects  of  Research,**  Rev.  Ed.  Res.  52, 
201  (1982);  M.  L.  de  Jong  and  J.  W.  Laynan,  **Using  the  Apple  II  as  a  Laboratory 
Instrument,**  Phys.  Teach.  22,  291  (1984);  H.  Brassel.  "Effectiveness  of  a 
Microcomputer- Biiscd  L  boratory  in  Learning  Di'>tance  and  Velocity  Graphs,**  Ph.D. 
dissertation.  University  of  Florida  (1987). 

3.  S.  Tobias,  *Tccr  Perspectives  on  the  Teaching  of  Science,"  Change  18(2).  36  (1986), 
O         "Peer  Perspectives  on  Physics,**  Phys.  Teach.  26. 77  ( 1 988). 
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4.  Y.  Kikiudu,  **Rf«c«rch  on  the  Ptooetf  of  Lcttning  and  its  Application:  A  Case  Study,** 
in  Tmds  in  Physics  Education,  edited  by  T.  Ryu  (Tokyo:  KTK  Scientific  Publishers, 
1986). 

5.  R.  Thornton,  "'Access  to  College  Science:  Microcon^Miter-Based  Laboratories  for  the 
Naive  Science  Learner,**  Col.  Microcomputer  5,  1  (1987);  R.  Thornton,  *Tool$  for 
Scientific  Thinking:  Microcomputer-Based  Laboratories  for  Physics  Teaching,*'  Phys. 
Ed.  22, 230  (1987). 


Students'  Construction  of 
Concept  Maps  Using  Learning 
Tool 

Robert  B.  Kozma 

NCRIFTAL,  UniversUy  of  Michigan.  Ann  Arbor.  Ml  48109 
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Computer-based  tools  are  software  programs  that  use  the  capabilities  of  the  com- 
puter to  amplify,  extend,  or  enhance  human  cognition.  Their  impact  has  not  been 
empirically  established,  but  thest"  software  packages  are  designed  to  prov^^e  an 
extemal  representation  of  int^i^  cognitive  processes.  By  acting  as  a  mirror  of  the 
learner's  thought  process,  the  computer  may  not  only  facilitate  the  learning  of  the 
particular  domain  to  which  '  applied,  but  more  important,  it  may  aid  the  devel- 
opment of  general  learning  i  ils  and  strategies. 

To  be  effective,  a  tool  for  learning  mtist  closely  parallel  the  learning  process 
and  address  both  the  limitations  and  capabilities  of  human  cognition.  The  aspects 
of  the  learning  process  that  most  inhibit  learning  are  limitations  on  short-term 
memory,  difficulty  in  reuieving  needed  information  from  bng-term  memory,  and 
the  incfTective  or  inefficient  use  of  cognitive  strategies  to  obtain,  manipulate,  and 
resuiicture  information.  Important  capabilities  that  students  bring  to  the  learning 
siiuation  ait  pri^viously  learned  knowledge,  concepts,  and  skills. 

To  compensate  for  limitations  and  build  on  strengths,  a  computer-based  tool 
shouk!  do  one  or  more  of  the  following:  supplement  limited  short-term  memory  by 
making  large  amounts  of  information  immediately  available  for  the  learner's  use; 
make  rC  vant,  previously  learned  information  available  simultaneously  with  new 
information;  prompt  the  learner  to  structure,  integrate,  and  interconnect  new  i  icas 
with  previous  ones;  provide  for  self-testing  and  practice,  thus  increasing  the 
retrievability  of  information;  provide  for  the  easy  consolidation  and  resuiicturing 
of  informatbn  as  the  student's  knowledge  base  grows. 

Learning  Tool  is  a  Macintosh  program  that  u.^^s  principles  of  cognitive  psychol- 
ogy to  help  students  learn  any  subject,  from  philosophy  to  physics.  There  is  no  spe- 
cific information  in  Learning  Tool:  rather,  students  learn  by  entering,  organizing, 
and  using  information. 

Learning  Tool  qxrates  at  three  coordinated  levels.  The  "Master  List"  is  an  out- 
linen  it  allows  the  student  to  encer  and  order  key  concepts,  such  as  "atom  "  "ela- 
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trocu**  and  ^'nucleus.**  Each  entry  automaticaUy  creates  a  labeled  '"note  card**  icon  at 
the  second  level,  Ae  •t:bncept  Map.-  In  the  "Voncepi  Map,-  th-.  students  can  spa- 
tially  organize  and  link  the  note  cards  to  display  user-defined  relationships  in 
hypertext  fashion.  Thus,  for  example,  the  user  can  graphically  show  the  structure 
of  the  aiom  by  Unking  the  above  terms  in  ''made  oT  relationships.  Note  cards  can 
also  be  stacked  to  create  submiq)s,  so  *'neutn>n  -  ''proton  -  and  "quark-  can  be 
embedded  in  f^t  "nucleus-  note  card.  They  will  automatically  be  indented  under 
this  term  in  the  "Master  List-  At  the  third  level,  the  student  can  enter  informaUon 
for  each  note  card  Both  text  and  graphk  information  can  be  entered. 

Among  the  other  tools  designed  to  facilitate  the  students'  use  of  their  notes  are 
multvle-term,  Boolian  search  function  (which,  for  example,  permits  the  student  to 
locdc  for  aU  the  cards  that  contain  information  on  "electromagnetism-  and  "gravi- 
iyy.  and  the  capability  to  create  and  take  self-tests  to  practice  the  rtitricval  of  fac- 
tual details  and  concq)tual  relationships. 
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Teaching  Computational  Physics 

Steven  E.  Koonin 

Department  cf  Physics,  California  Institute  of  Technology,  Pasadena,  CA  91125 


Modem  physics  research  is  concerned  increasingly  with  complex  systems  com- 
posed of  many  intoacting  components:  the  atoms  in  a  solid,  the  stars  in  a  galaxy, 
or  the  values  of  a  field  in  space-time  that  describes  an  elementary  particle.  In  most 
such  cases,  previously  unknown  phenomena  can  arise  solely  from  the  complexity 
of  the  system.  Although  we  might  know  the  general  laws  that  govern  interactions 
between  the  componen.^,  it  is  difficult  to  predict  or  to  understand  the  new  phenom- 
ena qualitatively.  General  insights  in  this  regard  arc  difficult  to  envision,  and  we 
quickly  reach  the  limits  of  the  analytical  pencU-and-paper  approach  that  has  served 
physics  so  well  in  the  past  Because  numerical  simulations  are  essential  ^  rrther 
understanding,  computers  and  computing  play  a  central  role  in  much  of  modem 
physics  research. 

Using  a  computer  to  model  physical  systems  is,  at  its  best,  more  art  than  sci- 
ence. Through  a  mix  of  numerical  analysis,  analytical  modeling,  and  programming, 
the  computational  physicist  exploits  the  power  of  the  computer  to  solve  otherwise 
intractable  problems.  Computational  physics  is  a  skill  that  can  be  acquired  and 
refined:  knowing  how  to  set  up  the  simulation,  what  numerical  methods  to  employ, 
how  to  implement  them  efficiently,  and  when  to  trust  the  accuracy  of  the  results. 


A  Neglected  Discipline 

Despite  its  importance,  computational  physics  has  largely  been  neglected  in  the 
standard  university  curriculum.  In  part  this  is  because  it  requires  balanced  integra- 
tion of  three  commonly  disjoint  disciplines:  physics,  numerical  analysis,  and  com- 
puter programming.  Another  factor  is  the  lack  of  computing  hardware  suitable  for 
teaching.  Students  usually  acquire  what  skills  they  have  by  working  on  a  specific 
thesis  problem;    a  result,  their  exposure  is  often  far  from  complete. 

This  situation  and  my  professional  background  in  large-scale  numerical  simula- 
tions motivated  me  to  begin  teaching  an  advanced  computational  physics  laborato- 
ry course  at  Caltech  in  the  winter  of  1983.  My  goal  was  to  provide  students  with 
direct  experience  in  modeling  nontrivial  physical  systems  and  to  impart  to  them  the 
minimal  set  of  techniques  for  dealing  with  the  most  i  /mmon  rproblems  encoun- 
tered in  such  work.  The  computer  was  to  be  viewed  neither  a  '^black  box"  nor  as 
an  end  in  itself,  but  rather  as  a  tool  for  getting  at  the  physics. 

A  factor  motivating  the  decision  to  develop  a  computational  physics  curriculum 
at  this  time,  was  the  ready  availability  of  hardware  that  could  provide  each  student 
with  an  individual  computing  environment  Personal  computers  can  be  used  easily 
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and  interactively  through  a  variety  of  high-level  languages,  and  they  offer  numeri- 
cal power  sufficient  for  illustrating  many  research-level  calculations.  Moreover,  the 
graphics  facilities  commonly  found  on  such  systems  allow  an  easy  but  often 
startling  insight  into  many  iHoblems.  In  short.  I  (and  my  students)  could  concen- 
trate on  the  suategy  of  a  calculation  and  the  analysis  of  its  results  rather  than  on  the 
mechanics  of  using  a  computer. 


A  New  Course 

How»  then,  was  !  to  leach  the  art  of  computational  physics?  It  was  apparent  that  the 
traditional  Iccturc-cum-assignment  approach  was  not  optimal,  as  there  is  no  teacher 
better  than  direct  experience,  and  computing  is  a  very  personal  activity  for  most 
physicists.  I  therefore  planned  a  cur  'um  in  which  the  computer  would  teach  by 
example  and  exercise.  This  forma  uhe  added  benefit  that  students  could  work 
largely  on  their  own,  at  their  own  pace,  and  at  times  of  their  own  choosing. 

It  was  relatively  easy  to  identify  the  broadly  applicable  numerical  methods  that 
should  be  covered  in  the  course,  but  choosing  the  jAysical  situatior.3  in  v;hich  to 
demonstrate  those  methods  was  more  difficult  I  attempted  to  satisfy  simultaneous- 
ly the  following  criteria: 

1.  That  the  physics  discussed  be  an  "interesting"  extension  or  enrichment  of  the 
usual  quantum,  statistical,  or  classical  mechanics  material. 

2.  That  the  scale  of  the  computation  be  appropriate  to  the  numerical  power  of  the 
hardware. 

3.  That  the  problem  not  be  soluble  analytically. 

In  the  end.  I  found  16  such  "case  studies."  In  more  than  half  of  them,  the  stu- 
dent compares  calculated  results  with  experiment  or  observations. 

Developed  during  the  1983-1984  academic  year,  the  curriculum  consists  of 
eight  units.  The  student  begins  each  unit  by  reading  a  text  that  provides  a  heuristic 
discussion  of  several  related  techniques  for  accomplishing  a  particular  numerical 
task.  Intuitive  derivations  of  simple,  general  methods  are  emphasized,  with  appro- 
priate references  cited  for  rigorous  proofs  or  more  specialized  techniques.  Short, 
mathematically  oriented  exercises  involving  only  a  small  amount  of  programming 
reinforce  this  material. 

After  reading  the  text  section,  the  student  works  through  the  remaining  two  sec- 
tions of  the  unit:  an  example  and  a  project.  Each  is  a  brief  exposition  of  a  particular 
physical  situation  and  how  it  is  to  be  modeled  using  the  numerical  techniques 
taught  in  that  unit,  together  with  a  set  of  exercises  for  exploiting  and  understanding 
the  associated  program.  The  example  and  the  project  differ  only  in  that  the  students 
are  expected  to  use  a  "canned*"  program  for  the  former  and  perhaps  write  their  own 
programs  for  the  latter.  The  units  and  their  accompanying  examples  and  projects 
arc  listed  in  Table  1. 
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Table  I. 

Compulatioiiai  Physics  < 

Unit  Numerical  Methody 

1  Differentiation, 
quadrature,  finding 
roots 

2  Ordinary  differential 
equations 

3  Boundary  value  and 
eigenvalue  problems 

4  Special  functions  and 
Gaa^sian  quadranires 

5  Matrix  inversion  and 
diagonalization 

6  Elliptic  partial  differ- 
ential equations 

7  Parabolic  partial  dif- 
ferential equations 

8  Monte  Carlo  methods 


Curriculum 

Example 

Semiclassical  quantization 
of  molecular  vibrations 

Order  and  chaos  in  two- 
dimensinal  motion 

Stationary  solutions  of  the 
one-dimensional 
SchrOdinger  equation 

i     Bom  and  Eikonal  approxi- 
mations to  quantum  scatter- 
ing 

Determining  nuclear  ch  ^ge 
densities 

Laplace's  equation  in  two 
dimension^ 

The  time  '  .pendent 
SchrOdinger  equation 

;    The  Ising  model  in  two 
dimensions 


Project 

Scattering  by  a  central 
potential 

Structure  of  white-dwarf 
stars 

Atomic  strucnire  in  the 
Hartree-Fock  approximation 

Partial  wave  solution  of 
quantum  scattering 

A  schematic  shell  model 

Steady-state  hydrodynamics 
in  two  dimensions 

Self -organization  in  chemi- 
cal reactions 

Quantum  Monte  Carlo  sim- 
ulation of  the  hydrogen 
molecule 


Each  of  the  programs  I  developed  functions  in  several  capacities:  as  an  easy-to- 
use  demonstration  of  the  physics;  as  a  laboratory  for  exploring  changes  in  the 
numerical  algorithms  or  parameters;  and.  in  the  projects,  as  a  ms/uCl  for  the  stu- 
dent's own  program.  Thus  the  programs  not  only  had  to  work  correctly,  they  had  to 
be  easily  readable  and  understandable.  Simple  organization,  full  documentation, 
and  a  sinicturcd  programming  style  were  essential.  Because  mucii  of  each  program 
involves  input/output  (I/O)  and  "bookkeeping,"  the  few  important  numerical  sec- 
tions had  to  be  called  out  clearly.  "Elegance"  in  coding  and  ^pecd  of  execution 
often  had  to  be  S2orificcd  for  the  sake  of  intelligibility.  More  significaiit,  nr*y  ambi- 
tions were  frequently  restrained  by  a  desire  to  keep  the  calculations  and  the  graph- 
ics displays  'Simple."  With  some  thought  and  care,  however,  I  was  able  to  work  to 
my  satisfaction  wiLhin  these  constraints. 

The  choice  of  language  invariably  invokes  strong  feelings  among  scientists  who 
use  computers.  Any  language  is,  aTxr  aM,  only  a  mraiis  of  expressing  the  concepts 
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that  underlie  a  program.  The  important  \.ea$  in  the  curriculum  would  remain  relc- 
ant  no  matter  what  language  was  used.  FORTRAN  is  the  computer  language  used 
most  widely  for  scientiHc  computation.  However,  its  I/O  is  notoriously  cumber- 
some. More  importandy,  FORTRAN  programs  must  go  through  the  time-consum- 
ing step  of  compilation  before  they  can  be  run.  This  removes  the  rapid  feedback 
that  is  so  desirable  when  a  student  is  developing  a  program. 

I  Hnally  settled  on  BASIC  in  spite  its  acknowledged  deHciencies,  such  as 
lack  of  local  subroutine  variables  and  its  awkwardness  in  expressing  structured 
code.  Those  deficiencies,  I  felt,  were  more  than  offset  by  the  simplicity  and 
widespread  use  of  BASIC,  its  ready  availability  on  the  microcomputers  we  were 
using,  its  powerful  gr^hics  and  I/O  statements,  the  existence  of  interpreters  that 
are  convenient  for  writing  and  debugging  BASIC  programs,  and  the  existence  of 
compilers  for  producing  rapidly  executing  finished  programs.  Virtually  all  of  the 
suidenf ,  are  famihiJr  with  som**  other  high-level  language  and  so  can  learn  BASIC 
"on  tht  Py"  while  taking  the  course.  Nevertheless,  several  students  have  elected  to 
write  0  uir  projects  in  other  languages  and  have  had  no  problems  in  doing  so, 

I  teach  the  course  in  a  laboratory  format  for  junior  and  senior  physics  majors. 
All  the  students  have  taken  (or  are  taking)  the  conventional  courses  in  classical, 
statistical,  and  quantum  mechanics,  so  they  are  familiar  with  many  of  the  physics 
concepts  involved.  Moreover,  there  is  enough  of  a  "computer  culture"  among 
Caltech  undergraduates  so  that  most  of  them  are  fdiniliar  with  the  hardware  before 
begLining  the  course;  those  who  arc  not.  becooiC  proficient  after  a  few  hours  of 
individual  inslructiop.  As  mentioned  above,  students  work  through  the  material 
largely  on  their  own.  although  a  teaching  assistant  and  I  hold  weekly  office  hours 
during  which  we  are  available  for  help  and  consultation.  Individual  half-hour  inter- 
views upon  completion  of  each  unit  serve  to  monitor  the  students'  pmgrcss  and 
assess  their  understanding.  The  typical  student,  working  six  or  seven  hours  a  week, 
C£ui  complete  three  or  four  units  in  a  ten-week  term,  perhaps  writing  his  or  her  own 
code  for  two  of  the  projects  and  using  my  code  for  the  others. 

Brief  discussion  of  some  of  the  examples  and  projects  will  serve  to  give  a  feel- 
ing for  the  level  of  the  material  and  the  style  in  which  it  is  presented  to  the  stu- 
dents. The  complete  curriculum,  together  with  a  diskette  containing  the  BASIC 
source  code  for  the  examples  and  projects,  is  published  in  my  text  Computational 
Physics. 

Example  7.  the  Ume-dependenl  SchrMinger  equation,  illustrates  techniques  for 
solving  parabolic  partial  differential  equations  and  also  provides  the  student  with  a 
laboratory  for  exploring  the  evolution  of  wave  packets  in  various  potential  fields 
(die  function  specifying  (he  forces  acting  on  die  particle),  a  much  discussed  (but 
difficult  to  illusuate)  situation  in  elementary  quantum  mechanics.  The  basic  prob- 
lem is  to  solve  die  Schr{5dinger  equation. 
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for  the  complex  wave  function  ifKx/),  which  describes  a  quantum  particle  (an  elec- 
tron, for  example)  of  mass  m  moving  in  a  poieuiial  field  V(jc).  Here,  x  is  the  pani- 
cle's location,  /  is  the  time,  i  is  the  unit  imaginary  number,  and  is  Planck's  constant 
divided  by  2k.  Given  the  initial  wave  packet,  V<J^,/=0),  the  probl';m  is  to  find  v^for 
all  subsequent  times. 

This  general  problem  cannot  be  solved  by  analytical  methcKls,  so  numerical 
methods  arc  essential.  The  most  efficient  approach  is  to  describe  the  space  and 
time  coordinates  with  small  but  finite  "steps"  and  'eby  replace  the  continuous 
partial  differential  equation  by  a  large  number  of  algebraic  equations  that  can  be 
solved  on  f  he  computer. 

The  program  I  wrote  for  this  situation  allows  the  student  to  specify  the  potential 
field  by  "drawing"  it  with  the  computer's  cursor.  The  initial  wave  packet  is  then 
specified,  and  the  evolution  begins.  The  results  are  displayed  as  a  "movie'*  of 
IV<x,/)l^  as  shown  in  Figure  1.  This  quantity,  the  squared  modulus  of  the  complex 
wave  function,  gives  the  probability  that  the  particle  can  be  found  at  position  x  at 
time  /.  After  the  student  stops  the  evolution,  the  potential  or  the  initial  wave  packet 
cai)  be  changed  for  another  run. 

Students  working  with  this  program  check  the  accuracy  of  the  numerical  meth- 
ods used,  to  program  and  explore  several  alternative  evolution  algorithms,  and 
investigate  various  potentials  and  wave  packets.  The  third  activity  demonstrates 
vividly  such  intrinsically  quantal  phenomena  as  tunneling  and  resonance — con- 
cepts difficult  to  convey  in  a  conventional  lecture. 

Project  6  illustrates  techniques  for  solving  elliptic  panial  differential  equations 
by  considering  the  steady-state  (time-independent)  How  of  a  viscous  fluid  about  an 
obstacle — for  example,  the  flow  of  a  stream  around  a  rock.  The  mathematical 
description  of  the  flow  is  based  on  continuity  (fluid  is  neither  created  nor 
ucstroyed)  and  the  response  of  each  bit  of  fluid  to  the  pressure  and  viscous  forces 
acting  on  it  When  the  flow  is  tw^  iimensional  (coordinates  x  and  y),  these  two 
physical  principles  can  be  embodied  in  the  coupled  nonlinear  elliptic  equations 


Here,  y/  i^^  the  stream  function  that  specifies  the  direction  of  flow  at  each  point, 
Cis  M  vorticity  of  the  fluid,  and  v  is  the  kinematic  viscosity.  Specification  of  the 
problem  is  completed  by  imposing  boundary  contritions  on  y^and  ^  (for  example, 
the  fluid  cannot  flow  into  the  surfaces  of  the  object). 

Like  the  SchrMinger  equation,  these  equations  cannot  be  solved  analytically 
but  arc  amenable  to  numerical  treatment  using  small,  discrete  steps.  The  resulting 
large  number  of  nonlinear  algebraic  equations  can  be  solved  by  a  relaxation  pro- 


V 


\i/{x,y)  =  ^{x,y),  and 


ay  dx    dx  Sy/ 


ERIC 


r7 


334 


Computational  Physics  and  Spreadsheets 


tiK*:  3.8e 

}rol)aBility  <x) 
Lef^  i.998  -1.853 


Sight  9.802 

1.000 


xigm 
Total 


«2.3B4 
-22.814 


tine:  25.00 

probability 
Left  8.528 
Riaht  8.488 
Total  1.008 


(x> 
10.445 
♦5.978 
"21562 


tine:  ss.ee 

probaMlity  <x) 
Left  9.416  -43.963 
Riaht  8.584  ^0.977 
Total  1.900  iS.14l 


E:  9.649  Uzero: 


-49 


elend  tine  loop   tichange  DI 


Figure  1.  Evolution  of  a  Gaussian  quantum  wave  packet  describing  a  parti- 
cle approaching  a  rectangular  potential  barrier  The  probability 
density  l\|/(x,t)l^  is  plotted  as  a  function  of  the  particle's  location  at 
several  different  times;  the  barrier  is  indicated  by  the  vertical  lines 
in  the  center  of  each  frame.  The  mean  energy  of  the  packet  is 
slightly  greater  than  the  height  of  t  te  barrier  so  part  of  the  packet 
is  transmitted  and  part  reflected.  The  top  frame  shows  the  packet 
approaching  the  barrier.  In  the  middle  frame  it  penetrates  the  bar- 
rier, the  rapid  oscillations  in  the  probability  density  caused  by 
interference  between  incident  and  reflected  waves.  Somewhat 
broadened  transmitted  and  reflected  packets  are  seen  at  a  later 
time  in  the  lower  frame,  together  with  a  small,  slowly  decaying 
part  of  the  wavefuP':tion  trapped  witiin  the  barrier. 


cess  in  which  iniiial  guesses  for  the  stream  function  and  vonicily  are  refined  iiera- 
livcly. 

After  deriving  the  equations  and  briefly  discussing  them,  i.*^.  students  are  guid- 
ed through  a  series  of  steps  culminating  in  writing  a  program  for  solving  the  flow 
about  a  rectangular  plate  at  various  speeds.  Results  can  be  displayed  as  character 
plots,  as  shown  in  Figure  2,  and  the  drag  and  pressure  forces  acting  on  the  plate 
can  be  calculated  from  them.  At  low  velocities,  the  flow  is  smooii*  and  easy  to 
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figure  2,  Streamlines  for  a  viscous  fluid  flowing  around  a  rectangular  plate 
at  various  velocities.  The  direction  of  flow  is  from  the  left,  and 
each  pattern  is  reflection-symmetric  about  the  lower  edge.  Note 
particularly  the  hydraulic  "jump"  above  the  plate,  the  laminar  flow 
at  low  velocity  (top  pattern),  the  increasing  separation  of  the  flow 
from^the  rear  of  the  plate  at  higher  velocities  (middle  pattern),  and 
the  vortex  behind  the  plate  at  th*»  highest  velocity  (bottom  pat- 
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understand.  As  the  velocity  increases,  the  fluid  takes  a  "jump**  as  it  passes  over  the 
plate,  a  phenomenon  familiar  to  anyone  who  has  rafted  over  river  rapids.  At  the 
highest  velocities,  the  flow  separates  fro'^  the  back  face  of  the  plate  and  a  vortex 
(eddy)  forms  behind  it  Here  again,  the  .jmputer  is  used  to  simulate  situations  for 
which  analytical  solutions  arc  impossible  and  for  which  intuition  is  difflcult  to 
develop. 

Example  S  illustrates  the  use  of  a  computer  in  a  different  way — the  analysis  of 
experimental  data  by  Icast-saiiares  fltting.  The  physical  situation  here  is  the  scatter- 
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Figure  3.  Least-squares  fit  to  the  elastic  scattering  of  electrons  from  the 
nucleus  ^Ni  (nickel  of  58  protons  and  neutrons).  The  upper  panel 
shows  the  fractional  error  of  the  fit  to  the  experimental  cross  sec- 
tion at  each  momentum  transfer  (scattering  angle).  The  vertical 
lines  indicate  the  uncertainties  in  each  of  the  experimental  mea- 
surements; most  of  the  points  are  fitted  within  their  uncertainty. 
The  lower  panel  shows  the  corresponding  charge  density  of  the 
nucleus  deduced  as  a  function  of  distance  from  the  nuclear  center, 
r,  measured  in  femtometers  (fm,  or  10"^^  meters).  The  small  oscil- 
lations in  the  interior  density,  at  left  in  the  plot,  are  a  "shell  effect" 
caused  by  the  particular  motion  of  a  few  nucleons  wichin  the 
nucleus. 
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ing  of  high-energy  electrons  (aH)roximatcly  200  million  clcclron  volls  or  more) 
from  atomic  nuclei,  currently  a  topic  of  high  current  research  interest  in  nuclcai* 
physics.  Because  the  elecuons  interact  with  the  nucleus  through  the  Coulomb 
force,  the  cross  sections  for  such  scattering  are  sensitive  to  the  distribution  of  elec- 
trical charge  (that  i*:.  the  structure)  of  the  nucleus.  Indeed,  the  measured  cross  sec- 
tions can  be  ''inverted'*  in  a  model-independent  way  to  obtain  the  nuclear  charge 
density. 

My  program  for  this  problem  analyzes  actual  experimental  data  to  infer  the 
charge  densities  for  nuclei  of  calcium,  nickel,  and  lead.  An  iterative,  nonlinear 
least-squares  fit  procedure  is  used  to  adjust  the  charge  density  to  the  measured 
cross  sections.  The  density  and  flt  to  the  data  are  displayed  as  the  iterations  pro- 
ceed; typical  results  are  shown  in  Figure  3.  In  running  and  understanding  this  oro- 
gram.  the  student  checks  the  accuracy  of  the  fits  obtained,  extracts  information 
about  the  nuclei  from  them  and  compare  with  simple  nuclear  models,  and  explores 
alternative  fitting  suatcgies. 

Conclusion 

While  developing  and  teaching  this  curriculum.  I  have  been  impressed  by  several 
unexpected  advantages.  To  write  a  program  for  simulaung  a  given  physical  situa- 
tion, the  student  must  understand  the  physics  in  way  that  is  different  from  (and 
complementary  to)  that  required  for  an  analytical  z^proaw^i.  Then  too  computer 
programs  bring  a  flexibility  and  vividness  of  presentation  that  is  difficult  to  obtain 
otherwise.  Moreover,  the  simulating  of  systems  brings  a  sense  of  exploration  and 
surprise  to  the  learning  process,  since  an  understanding  of  the  results  of  changing 
parameters  or  algorithms  often  leads  to  greater  insights.  Finally,  because  complex 
situations  can  be  presented,  students  arc  exposed  in  detail  to  research-level  prob- 
lems at  an  earlier  stage  of  their  education.  In  these  ways.  I  expect  computer-based 
education  in  physics  to  supplement,  rather  than  supplant,  the  traditional  mode  of 
lecture  instruction. 

Copyright  1986  International  Business  Machines  Corporalion.  Repnnicd  with  permission 
from  Perspectives  in  Computing,  6,  No.  2.  Fall,  1986. 

1 .  S.  E.  Koonin.  Computational  Physics,  (Menlo  Park,  CA:  Rcnjamin/Cumniings,  1985). 


ERIC 


338 


Computational  Physics  and  Spreadsheets 


Mathematics  by  Computer 

Stephen  Wolfram 

Center  for  Cofrplex  Systems  Research,  Department  of  Physics,  University  of  Illinois, 
Urbana,IL  61801 


I  have  been  involved  in  a  practical  problem  that  is  going  to  have  important  conse- 
quences for  the  future  of  physics.  This  practical  problem  is  the  development  of  a 
computer  program  called  Mathematica.  Mathematica  is  a  comprehensive  system 
for  doing  mathematical  computation.  It  runs  on  a  variety  of  computers  and  docs  a 
whole  range  of  mathematics.  Mathematica  is  useful  for  many  kinds  of  users,  rang- 
ing from  math  professors  or  physics  professors  to  engineers  and  down  to  college 
and  even  high  school  students.  Our  idea  in  developing  Mathematica  is  to  produce  a 
mathematical  tool  that  is  as  generic  as  the  calculator  but  provides  much  broader 
coverage  of  mathematics. 

The  most  elementary  way  to  think  about  Mathematica  is  as  an  enhanced  calcu- 
lator—a calculator  that  does  not  only  numerical  computation  but  also  algebraic 
computation  and  graphics.  Mathematica  can  function  much  like  a  standar  1  calcula- 
tor.  you  type  in  a  question,  you  get  back  an  answer.  But  Mathematica  goes  rurthcr 
iJian  an  ordinary  cakulator.  You  can  type  in  questions  that  require  answcri  that  arc 
longer  than  a  calculator  can  handle.  For  example,  Mathematica  can  giv.  you  the 
Numerical  value  of  n  to  a  hundred  decimal  places,  or  the  exact  result  for  a  numeri- 
cal calculation  as  complicated  as  the  result  of  3^^,  (see  Fig.  1). 

Mathematica  has  a  big  collection  of  mathematical  functions  built  into  it.  Even  a 
standard  calculator  has  sines,  cosines,  and  logarithms  built  in,  but  Mathematica 
allows  you  to  ask  the  value  of  a  function  like  a  Besse!  function  /qCIO.S)  or  the 
Rcimann  zeta  function  ^(1/2  +  l3i)  to  40  decimal  placr^,  (sec  Fig.  2).  Such  special 


N[Pi  100] 

3. 14 15926535897  9323846264  3383279502884 1971 693  9937510:^820974  94  45\ 
923078\64062862089986280348253421 17068 

M(3^1000,100] 

1.32207081 94803066368904 552597 52 1443659654220327521 481 67 664 9203\ 

477 

682268285973467048995407783138506080619639  10 

Figur*  1.    Mathematica  as  a  calculator,  n  and  3*^^^  to  100  significant  digits. 
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•••MlJ(0,10.53 

-0.236648 

ir[S«t«[l/2  ^  13Z],40] 

Oul[13h 

0.443004782505368189197897441232849126  - 
C  655483098321168943051369649191335506  I 

flguf  2.  Numerical  results  for  the  Bessel  function  JodO.S)  and  the  Riemann 
zeta  function  ^(1/2  +  13i). 

functions  in  mathematical  physics  arc  buiit  into  Mathematica.  In  fact, 
Mathematica  has  built  in  virtually  all  of  the  functions  found  in  standard  handbooks 
of  mathematical  functions.  Our  goal  was  to  make  obsolete  all  the  tables  of  mathe- 
matical functions  that  yo*^  fmd  filling  up  a  lot  (tf  space  in  physics  libraries. 

But  Mathematica  does  much  more  than  numerical  computation.  Another  major 
kind  of  computation  handled  by  Mathematica  is  symbolic  algebraic  computation. 
If  we  type  in  the  algebraic  expression  (1  +  x)^,  at  first  Mathematica  just  echoes 
back  the  same  expression,  (sec  Fig.  3).  But  we  can  tell  Mathematica  to  pcrfomi 
various  mathematical  operations  on  the  expression.  For  example,  we  can  tell  it  to 
expand  the  expression  out,  or  to  factor  it.  Mathematica  will  recognize  that  the 
expression  of  that  standard  form  can  be  reduced  back  to  the  original  expression. 
And  Mathematica  can  do  much  more  complicated  operations  than  that.  It  will 
remember  that  an  expression  that  goes  on  for  several  screens  actually  simplifies 
back  down  to  the  original  product  of  a  few  terms. 

As  an  example  of  an  algebraic  computation,  if  you  try  to  solve  a  simple 
quadratic  equation  like 

x2  +  2r-l=0 


Kxp«nd(  <l4>x)''5] 
OuH24}~ 

2  3  4  5 

l+5x+10x    *10x     ♦Sx  ♦x 

ractor(%] 

Outl2SJ- 

5 

(1   +  X) 

Figure  3.    Algebraic  expansion  and  factoring  of  (1  +  x)^. 
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Outl34Jm 

2 

Out(3SU 

-2+2  Sqrt(2)  -2-2  Sqrt(2J 

{{x  ->  },   {X  ->  }} 

2  2 

Figuiw  4.  Algebraic  solution  of    +  2x  -  .  «  0. 


for  Xt  you  will  gec  a  symbolic  result  of  the  solution  of  this  cquauon  in  tcnns  of  the 
symbolic  parameter  jc.  (see  Fig.  4).  If  you  ask  Mathematica  to  solve  an  equation 
like 

jc5  +  3jc+1=0 

for  which  there  is  no  analytical  solution,  Mathematica  will  give  you  the  symbolic 
representation  of  the  results  that  cannot  be  found.  In  addition,  Mathematica  can 
give  you  the  numerical  result  Even  though  it  may  not  be  mathematically  possible 
to  obtain  a  result  in  algebraic  form,  Mathematica  will  give  you  a  numerical  result 
in  terms  of  complex  numbers,  (sec  Fig.  S). 


In[31):' 

x*5  ♦  3x  ♦  1  —  0 

Outl31h 

5 

l+3x  +  x    —  0 

tn(32]:' 

8oIvtt[  %,x) 

Out(32h 

5 

(TcRules {Roots  13  x  f  x    «  -1,  x] ) ) 
tn['J3}:m 

Out[33h 

((X  ">  -0.839072  -  0.94385^  1},    (x  ->  -0.839072  4  0.943852  I),, 
ix  ->  -0.331989},    (X  ->  1.00507  -  0.937259  I), 
(X  ->  1.OO507  +  C. 937259  I| ) 

Figeirs  5.  Nunnerical  solution  of    +  3x  +  1  ^  0. 
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1  ^  2  X 
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Vn^utm      Analytical  solution  of /Adl-x^)-**  dx  and  subsequent  differentiation 
of  the  answer. 


Another  thing  Mathematica  can  do  is  symbolic  integration.  Let's  start  oh  with  a 
very  simple  one.  If  you  ask  Mathemmica  to  integrate  with  respect  to  x,  i.e.  you 
get  ihe  result 

But  Mathematica  is  capable  of  more  complicated  integrals.  Ii  you  ask 
Mathernatica  to  integrate 

m 

it  will  produce  an  expression  involving  arc  tangents  and  some  logiriihms.  and  so 

J  l-x' 

on.  We  can  check  the  result  by  asking  Mathematica  to  d?  xrentiate.  (Sec  Figure  6). 

In  addition  to  numeri  al  and  algebraic  calculations,  Mathematica  is  capable  of 
sophisticated  graphics.  Mathematica  docs  graphics  by  using  a  "postscript  page 
description  language."*  This  is  the  kind  of  graphics  control  language  that  \  iised,  for 
example,  by  the  Apple  Laserwrler,  and  is  being  incrrasingly  used  on  many  differ- 
ent kinds  of  computers.  Usinj,  his  language,  Mathematica  allows  you  to  take  a 

E  ty  j^  ^  ^ 
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picture  and  actually  sec  the  Postscript  form  of  the  pict*irc.  This  Postscript  form  lies 
behind  original  picture  that  Mathemcuica  produced.  Postscript  is  a  much  more 
obscuit  language  than  Maihematica,  but  if  you  know  Postscript  well  c^  lugh,  you 
can  edit  the  Postscript  that  Mathematica  acuially  produced.  For  cxa?.iplc,  when 
you  originally  plot  a  curve  you  can  tell  Mathematica  to  make  it  blue,  but  by  editing 
the  Postscript*  you  can  change  the  color  of  the  curve  to  red. 

An  advantage  of  Postscript  is  that  it  provides  a  very  portable  dcs  ption  of  the 
graphics.  You  can,  for  example,  take  a  graphical  image  that  you  produce  in 
Mathemadca  and  paste  it  into  a  document  that  you're  making  up  with  Pagemakcr 
or  any  other  desktop  publishing  system.  The  graphics  that  you  produce  will  be  ren- 
dered in  the  highest  resolution  that's  available  on  the  kind  of  priii.  t  that  you  have. 

Mathematica  will  also  allow  you  to  do  three-dimensional  graphics.  You  can  ask 
it  to  plot  the  sin  (xy)  as  a  function  of  jc  and  with  x  rtuining  from  0  to  3  and  y  run- 
ning from  0  to  3.  The  result  is  shown  in  Figure  7.  If  you  want  ir  you  can.  for 
example,  ask  Mathematica  to  show  you  the  plot  as  it  would  app^  *  you  simulat- 
ed shining  a  light  onto  the  surface  from  one  side,  (see  Figure  8).  \k}U  can  also  alter 
the  viewpoint,  or  display  the  surface  with  difTerent  parameters. 

Th£.t's  a  aq)sule  summary  of  Mathematica  s  cs^bilitics  in  numerical  computa- 
tion, aig<:braic  computation,  and  graphics.  I  would  like  to  go  on  to  describe  how  to 
program  Mathematica,  and  hjw  to  create  documents  and  things  like  live  textbooks 
that  make  use  of  Mathematica, 

Mathemahca  is  a  rather  complete  awd  powerful  programming  language  that 
allows  you  to  build  on  top  of  the  large  number — about  700 — built-in  functions. 
You  can  build  in  your  owr  lunctions  for  a  particular  application  using  any  of  sever- 
al different  styles  of  programming.  One  such  style  of  programming  is  writing  a 
function  in  a  stai^Jard  suucturtd  programming  fashion,  as  you  would  m  a  language 
like  C  or  Pascal,  l***^  wmewhat  easier  to  program  in  Mathematica  than  it  would  be 
to  prograru  airccu  C  or  Pascal  because  Mathematica  is  an  interactive  sy.stcm. 
Mathematica  .]lows  you  to  sec  exactly  what  your  program  docs  as  so^n  as  you\e 
typed  in  pieces  of  it 

Because  Mathematica  is  a  symbolic  system  you  don't  have  to  worry  about  cre- 
ating all  the  kinds  of  data  structures  that  you  might  need.  Mathematica  s  general- 
expression  data  strucUires  wiM  hold  anything  that  you  have. 

Another  style  of  programming  is  perhaps  more  intcrcst;..g.  The  idea  of  ^  is  sec- 
ond style  is  to  use  u-ansformation  rules  to  take  textbook  formulas  and  transcribe 
them  almost  directly  into  Mathematica.  This  is  the  way  that  Mathematica  gets 
taught  lots  of  mathematical  information:  you  just  take  tables  of  rules  like  those  for 
logarithm  functions  and  enter  uiem  into  Mathematica,  Ailerward  Mathematica  wiP 
automatically  use  them. 

Another  style  of  programming  ir  Mathematica  ie  to  add  to  Mathematica  s 
knowledge  about  graphics.  For  example,  lo  teach  Mathematica  about  polyhcdras, 
you  begin  by  reading  definitions  of  polyhcdra  into  the  file. 

Let's  see  what  happens  if  we  want  to  show  a  teU^e<!ron  as  a  three-dimensional 
graphical  object.  Mathematica  lakes  the  symbolic  description  of  t^c  graphics  and 
actually  renders  it  as  a  three-dimensional  object,  (see  Figure  9). 
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Plot3D(  Sinix  y),  <x,0,,  ><y,0,3n 


Out[5J» 

-Surf aceGraph ICS- 

Figure  7.   A  3-dimensional  plot  of  sin  <xy). 


ln[6]  - 

Show[%,  Lighting->True] 


-SurfaceGraph ics - 

Figure  8.  A  3-dimensional  plot  of  sin  ixy)  with  simulated  illumination. 
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ln[50J:» 

Show[Graphics3D(T*trahedron[] ] ] 


Out[50]~ 

-Graphics3D- 

Figura  9.  A  3-dimensional  plot  of  a  tetrahedron. 


fn[52].~ 

Show [Graphics3D [Stellate [Dodecahedron [ ] ]  ]  ] 


Out  1 52}^ 

-Graphics3D- 

Figuro  10.  A3-dimensional  plot  of  a  stellated  dodecahedron. 
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If  you  ask  Mathematica  to  render  even  more  complicaied  graphical  objects,  it 
will  follow  the  same  procc^^'  Say.  for  example,  that  you  ask  Mathematica  to 
show  you  a  stellated  dodecahedron.  It  will  take  the  symbolic  description  of  the 
dodecahedron,  apply  the  operation  of  stellation,  and  then  show  the  results,  (sec 
Figure  10).  Because  Mathematica  uses  Postscript  graphics,  you  can  expand  the 
results  to  any  size  you  want.  In  fact,  you  can  even  drag  it  out  to  eight  feet  wide, 
print  it  out,  and  glue  it  together  to  make  a  poster. 

The  Mathematica  program  is  broken  into  two  pieces.  The  first  piece  is  a  kernel 
that  actually  does  computations.  This  kernel  runs  exactly  the  same  on  many  differ- 
ent kinds  of  computers.  The  kernel  of  Mathematica  exists  right  now  for  the 
Macintosh  and  for  work  stations  that  run  similar  types  of  graphics— IBM  RTs,  var- 
ious kinds  of  super  computers,  and  other  such  things.  Most  of  the  operations  that 
Tve  sho^vn  you  today  make  use  of  the  kernel  of  Mathematica.  The  kerne!  under- 
stands input  expressions  and  produces  cither  output  cxprcssK  ns  or  Postscript 
graphics. 

'Tie  second  piece  of  u  j  Mathem^itica  program,  the  front  end  of  the  program,  is 
responsible  for  interaction  with  the  user.  This  piece  takes  advantage  of  whatever 
user  capabilities  exist  on  a  particular  kind  of  computer.  It  is  possible  Tor  you  to  run 
the  front  end  of  the  program  on  a  Macintosh,  and  the  kernel  on  a  remote  computer. 
In  such  a  case,  the  calculations  that  we've  been  doing  here  would  look  essentially 
the  same.  However,  we  would  sec  the  results  come  back  a  bit  more  quickly. 

You  can  use  the  front  end  of  Mathematica  to  prepare  documents  ba.scd  on 
Mathematica.  You  can,  for  cxampb,  make  the  examples  wc*vc  illustrated  today 
into  a  seciicn  of  a  book.  When  you  type  in  the  word  "polyhcdia,"  you  will  find 
under  a  menu  called  "styles**  a  list  of  possible  styles  in  which  you  can  show  that 
text.  You  can  type  in  information  about  polyhcdra  to  annotate  the  work  that  you're 
doing. 

Vou  can  also  use  Mathematica  to  prepare  your  own  textbooks.  On  a  machine 
like  the  Macintosh,  you  can  use  the  front  end  of  Mathematica  as  something  that 
acts  as  a  live  textbook.  You  can  provide  texts  to  be  read  on  the  screen,  imbed 
graphics  into  that  text,  and  even  input  commands  that  can  be  executed  to  do  coni- 
putauDns. 

There  arc  a  number  of  efforts  underway  to  write  textbooks  in  the  kind  of  live 
form  that  Mathematica  makes  possible.  Such  efforts  typically  accompany  a  printed 
textbook  with  a  Mathematica  notebook.  One  of  the  more  ambitious  projects  along 
these  lines  is  a  calculus  book  to  be  published  by  Addison- Wesley 

One  thing  you  can  do  in  a  Mathematica  textbook  that  you  can*t  do  in  an  ordi- 
nary textbook  is  take  the  formulas  in  the  book,  make  changes  to  the  cxampi'^s  that 
are  given,  and  then  reevaluate  them  and  sec  what  the  result  would  be.  TIii.s  capa- 
bility gives  you  a  v/ay  to  explore  what  the  formula  in  the  book  really  means. 

You  can  also  use  Mathematica  to  prcxjucc  animation  in  your  tcxttook.  First  you 
teU  Mathematics  to  compute  a  junction  that  could  be  a  collection  of  sine  curves  in 
two  dimcn.sions.  Then  you  tell  il  to  produce  a  sequence  of  these  pictures.  By  run- 
ning through  the  whole  sequence  of  picturus,  you*ll  produce  a  sort  of  animated 
movie,  and  after  il*s  read  into  memory  it  will  run  rca.^^nably  quickly  The  actual 
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code  necessary  to  generate  such  a  sequence  of  frames  is  often  quite  short— only 
about  20  lines. 

In  the  past  we  have  distributed  Mathematica  by  giving  it  aw'>y,  but  giving  it 
away  in  a  slightly  unusual  fashion.  Our  favorite  method  is  to  bundle  it  with  hard- 
ware that  comp  iter  manufacturers  produce.  We  like  Mathematica  to  be  included  as 
part  of  the  standard  systein  software  that  comes  with  the  machine.  This  is  the  v/ay 
wc  !iave  distributed  Mathematica  on  the  NEXT  Computer,  and  Mathematica  will 
also  be  bundled  as  part  of  the  standard  system  software  on  some  other  computers 
that  are  coming  out  later  this  year 

For  other  machines  Mathemati  :a  is  typically  being  sold  by  the  hardware  manu- 
facturers who  produce  those  machines,  Mathematica  is  also  being  sold  by  IBM  for 
the  RTand  by  Sony  Graphics. 

To  find  out  more  about  Mathematica,  I  refer  you  to  my  book.  Mathematical 
which  provides  a  complete  documcnlar'.on  and  description  of  what  Mathematica 
does. 

1.  Stephen  Wolfram,  Mathematica;  A  System  for  Doing  Mathematics  by  Computer 
(Redwood  City,  CA:  Addison-Wcsley  Publishing  Company,  Inc.,  1988)  749  pp. 
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The  importance  of  supcrcomputing  is  illustrated  by  the  establishment  of  the  five 
NSF  centers  at  Cornell,  Illinois,  Pittsburgh,  Princeton,  and  San  Diego,  Many  arti- 
,clcs,  government  reports,  and  two  recent  books^  have  described  the  rationale  and 
use  of  these  centers,  and  we  do  not  intend  to  repeat  that  discussion  here.  Rather  wc 
would  like  to  look  to  the  future  and  describe  the  nature  and  performance  of  the 
computers  that  will  be  at  such  centers  around  the  year  2000. 

In  the  next  section,  we  will  re*^iew  the  twin  driving  forces  from  the  technologi- 
cal (computer  science)  and  scientific  (computational  science)  sides.  We  also  review 
trends  in  supercomputers  and  why  we  need  parallel  processing.  Then  we  describe 
why  parallel  computing  works,  with  general  principles  drawn  from  usmg  prototype 
machines  over  the  last  five  years.  In  the  final  section  wc  use  some  computational 
science  activities  at  Caltech  to  illustrate  the  impact  of  concurrent  supercomputers 
on  science. 

Our  recent  book-  gives  more  information  on  most  of  this  matcnal,  and  there  are 
several  excellent  reviews  of  parallel  and  high  performance  computer 
architectures.^ 


Concurrent  Supercomputers  in 
Science 


Geoffrey  C.  Fox  and  David  Walker 


CA  91125 
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The  Technological  and  Scientific 
Motivation 

Parallel  supercomputing  is  driven  by  a  confluence  of  two  complementary  forces. 
First,  many  computational  fields  need  huge  increases  in  computer  performance  to 
perform  realistic  calculations.  Second,  it  is  technically  possible  to  build  much 
faster  concurrent  computers.  The  first  point  can  be  illustrated  by  computations  in 
scientific  fields  such  as  aerodynamics  (design  of  new  aircraft),  astrophysics  (evolu- 
tion of  galaxies,  stellar  and  black  !  jle  dynamics),  biology  (modeling  new  genetic 
f  ompounds,  moping  genome,  neural  networics),  computer  science  (simulation  of 
chips/circuits),  chemistry  (predication  of  reaction  rates),  engineering  (structural 
analysis,  combustion  calculations),  geology  (seismic  exploration,  modeling  earth), 
high-energy  physics  (proton  properties),  material  science  (simulation  of  new  mate- 
rials), mcterology  (accurate  weather  p'-cdiction),  nuclear  physics  (weapon  simula- 
tion), plasma  physics  (fusion  reaction  simulation).  These  fields  are  both 
academically  and  commercially  interesting.  There  are  also  other  major  fields  of 
interest  to  industry  and  the  military:  business  (transaction  analysis,  spreadsheet-;), 
film  industry  (graphics),  robotics  (machine/person),  space  (real  time  control  of  sen- 
sors), signal  processing  (analysis  of  data),  defen?-  (control  nation's  defense,  codes 
breaking).  In  all  of  these  cases,  we  anticipate  much  higher  performance  supercom- 
puters will  lead  to  major  progress."* 

Advances  in  computer  technology  offer  two  things:  (1)  a  disappointment. 
Sequential  (Von  Neuman)  machines  are  approaching  fundamental  performance 
limits  due  to  the  speed  of  light  and  heat  dissipation  constraints.  We  can  expect  per- 
haps a  factor  of  ten  increase  from  component  improvement  by  the  year  20(X);  (2) 
an  opportunity.  Advances  in  VLSI  allow  parallel  computation  to  give  one  at  least 
another  factor  of  100  in  performance. 

The  concept  of  parallel  processing  is  well-known.  Large  problems  are  solved  in 
the  real  world  by  joining  many  individuals  together  into  teams  (villages,  nations) 
to  work  on  a  single  task.  This  task  is  divided  mto  parts,  with  each  part  assigned  to 
a  single  person.  This  analogy  is  explored  in  our  book  and  article,  where  we  con- 
trast parallel  computing  with  the  use  of  a  team  of  masons  on  a  large  construction 
project.  Here  we  will  content  ourjclves  with  notinc  that  a  parallel  computer  cur- 
rently consists  of  up  to  1,024  intiividual  compu  nore  for  specialized  applica- 
tions such  as  with  the  connection  *  lachine^)  working  together  to  solve  some 
problem.  Such  a  1,024-node  ncube  hypercube  was  used  by  a  group  from  Sandia  to 
illustrate  spcedups  of  over  a  thousand  on  problems  quite  typical  of  major  scientific 
computations.^  We  can  call  this  a  "village  of  computers.''  In  the  next  15  years,  we 
can  expect  up  to  105  such  complete  computers  in  a  single  machine — a  "city  of 
computers."  There  are  many  choices  for  the  way  the  computers  communicate  with 
each  other  and  coordinate  workJ  This  }^  computer  architecture  and  analogous  to 
the  "government  or  management  of  the  village."  Caltech  pioneered  the  develop- 
ment of  one  particular  parallel  computer,  the  multicomputer  or  hypercube,,  where 
individual  computers  communicat  by  sending  and  receiving  mesjujges. 
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Figure  1,   The  perforniance  of  sequential  and  parallel  computers  from  1940 
to  2000. 


The  performance  in  sequential  and  paiallcl  computers  is  illustrtiicJ  in  Figure  1, 
which  was  adapted  by  Fox  and  Messina  from  an  earlier  graph  by  Buzbcc,  We  sec 
"utial  machines  leveling  off  at  around  a  gigaflop  performance  (10^  floating 
poii.*  uperstions  per  second),  correi,ponding  to  a  one  nanosecond  clock  cycle  lime. 
Parallel  machines  are  exp^'^ted  to  reach  a  performance  of  about  1,000-10,000 
times  this  by  the  year  2000.  This  trend  in  supercomputing  is  shown  in  Figure  2, 
which  emphasizes  that  we  have  chosen  to  define  a  supercomputer  by  a  cost  of  $20 
million.  Such  a  definition  is  necessary  because  once  you  admit  parallel  machines,  a 
given  design  can  be  made  with  more  or  less  nodes  (individi*  computers)  at  more 
or  less  cost 
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SUPERCOMPUTERS  TODAY  and  TOMORROW 

-  Time  - 


Cost 

1986 

1991 

2000 

PC 

f)  000] 
(IBM  PC) 

0.01 

,  1 

Workstation 

$20K 

0.001 
(1  megaflop) 

0.,  / 

10 

DpnartmpntJil 
ividcninc 

$200K 

0.01 
(10  megaflops) 

1 

100 

University 
Mainframe 

S2M 

0.1  / 
(NCUBEy 
1024  nodes) 

10 

1000 

/- 

/ 

{-  CRAY) 

100 

■  Supercomputer 

$20M 

National  Resource 

S200M 

10 

1000 

1(! 

/ 


Gigaflop 


/ 


(Today's  Supercomputers) 
Approximate  limiting 
speed  for  a  sequential 
computer.  (1  nanosecond 
cycle  time). 


Teraflop  -  clearly 
achievable  in  y.ar  2000 


This  defines  a 
Supercomputer. 
Best  you  can  do 
for  S20M 


Unit  =  1  gigaflop  or 
10^  scientific 
calculations/sec 

=  10^^  megaflops 
=  10'  teraflops 


Figure  2.  Computers  of  today  and  tomorrow  ranging  in  power  from  the  C 
up  to  top-of-the-line  supercomputers.  Our  working  definition  of  a 
supercomputer  is  the  best  machine  that  can  be  purchased  for  $20 
million. 
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A  single  board  of  the  ncubk  hypcrcubc  contains  64  individual  computers,  each 
with  a  performance  that  is  about  twice  a  PC/AT  and  each  with  half  a  megabyte  of 
memory.  One  can  also  buy  similar  systems  built  around  the  lranq)ulcr  chip  from 
INMOS.  Such  nodes  cost  around  $2,000  each  and  use  ten  chips  in  all— the  ncube 
node  has  six  one-megabit  memory  chips  and  one  custom  VLSI  chip  with  11  com- 
munication channels  and  arithmetic  and  floating  point  units. 
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Year  1980 

1988 

2000 

4 

iiansisiors  per  ^ 

5  X  10^ 

-100-  5  Y  10^ 

complex  chip 

Examples:  Intel  8086 

80386 

0 

Motorola  68000 

68030 

Figura  3.  Transistor  budget  extrapolated  to  the  ye  ar  2000. 

In  the  next  10  to  15  ycars»  we  can  expect  to  see  a  factor  of  increase  of  100  in 
the  number  of  transistors  containc .  in  a  chip  of  given  size.  As  emphasi/w^  by 
Gordon  Moore  from  intel  (priv  mc  communication)  one  can  expect  a  transistor 
**budget"  of  $  fifty  million  per  c^  )  by  the  year  2000. 

The  perfonnance  increase  piojected  in  figures  1  and  2  assum(;s  that  one  can 
combine  this  factor  of  100  with  another  order  of  magnitude  coming  from  architec- 
tural improvements^  e.g.»  RISC»  and  decreasing  clock  cycle  lime. 

A  chip  with  ilfty  million  transistors  has  far  too  much  capability  to  produce  just 
a  single  sequential  computer  It  requires  some  10  to  50  individual  nodes  per  chip  to 
use  the  transistor  budget  Thus  if  we  assume  that  computer  circuitry  has  an  approx- 
imate fixe,,  cost  per  unit  arca»  then  we  can  contrast  personal  computing  economics, 
which  dominates  in  the  1980s»  with  parallel  computing  economics,  which  will 
dominate  the  1990s.  The  1980s  saw  the  increase  in  transistor  density  converted  to 
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Update 
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Figure  4.  A  finite  difference  grid  decomposed  among  the  nodes  of  a  concur- 
rent procrssor.  Each  processor  is  responsible  for  a  16x16  subgrid. 
Laplaa 's  equation  Is  to  be  solved  for  ^  using  a  simple  relaxation 
technique  (equation  1).  The  five-point  update  stencil  is  alao 
shown. 
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Figure  5.  The  role  of  processor  0  (in  the  bottom  left  corner).  The  update 
stencil  equation  1  is  applied  to  each  point  at  which  ^  is  unknown. 
In  order  to  update  the  grid  points  on  the  upper  and  righthand 
boundaries,  processor  0  must  communicote  with  the  processors 
above  and  to  the  right  of  it. 


smaller,  cheaper  machines  at  approximately  unchanged  performance  levels,  where- 
as in  the  1990s  the  increase  of  transistor  density  will  be  converted  to  increased  per* 
formance  for  machines  of  fixed  physical  size  (cost). 


Why  Does  Parallel  Computing  Work? 

The  requirements  for  the  success  of  parallel  processmg  are  quite  simple.  Crudely, 
one  can  say  that  the  problem  must  be  large.^  To  understand  this,  note  that  all  suc- 
cessful parallel  machines  have  obtained  their  parallelism  from  *'data  parallelism'* 
or  "domain  decomposition."  We  can  c(Misider  a  problem  as  an  algorithm  applied  to 
a  data  set.  We  obtain  concurrency  by  dividing  the  data  between  the  nodes  and 
applying  the  given  algorithm  concurrently  to  the  part  of  the  data  for  which  each 
node  is  responsible.  This  is  illustrated  in  Figures  4  and  5,  which  show  a  16-node 
concurrent  computer  used  to  solve  Laplace's  equation  in  two  dimensions. 

The  sample  problem  has  256  grid  points  in  a  16x16  mesh  at  which  fhe  potential 
<p(ij)  is  to  be  determined.  As  shown  in  Figure  4,  we  suppose  that  a  simple  iteration 
(relaxation)  algorithm  is  to  be  used  to  solve  this  problem.  This  not  the  best  way 
of  solving  this  particular  algorithm.  However,  more  sophisticated  i^'*''  '  e  tech- 
niques are  probably  the  best  approach  to  large  three-dimensional  flnite-diiference 
or  finite-element  calculations.  Thus,  although  the  simple  example  in  Figure  4  is  not 
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"real"  or  interesting  itself,  it  docs  illustrate  important  issues.  The  computational 
solution  consists  of  a  simple  algorithm, 

00V)  =  1/4  +  (Ki-lj)  +0(iV+l)+vKij-l)]  (1) 

applied  to  each  point  of  the  data  set  As  stated  above,  in  general  we  ^c*  concurren- 
cy by  applying  Eq.  (1)  simultaneously  in  different  par'^s  of  the  underlying  data 
domain.  We  achieve  concurrency  by  leaving  the  algorithm  unchanged  and  exccut- 
'^d  sequentially  within  each  node.  Rather,  we  divide  up  the  underlying  data  set.  One 
attractive  feature  of  this  method  is  that  it  can  be  extended  to  very  large  machines. 
A  lOOx  100x1^  mesh  with  10^  points  is  not  an  ^typical  problem.  Nowadays,  we 
divide  this  domain  into  up  to  1 ,024  parts—clearly  such  a  problem  can  U  divided 
into  many  more  parts,  and  use  future  machines  with  very  many  nodes. 

Returning  to  the  "toy"  example  in  Figure  4,  we  associate  a  4x4  subdomain  wi-h 
each  processor.  Let  us  examine  what  any  one  node  is  doing;  this  is  illustrated  in 
Figure  5.  Wc  sec  that,  in  this  case,  an  individual  processor  is  solving  the  "same" 
problem  (i.e..  Laplace's  equation  with  an  iterative  algorithm)  as  a  sequential  com- 
puter. There  are  two  important  differences. 

1,  The  concurrent  algorithm  involves  different  geometry— the  code  should  not 
address  the  full  domain  but  rather  a  subset  of  it. 

2.  The  boundary  conditions  are  changed. 

Referring  to  Figure  5,  one  finds  conventional  bou'  7  conditions.  <t>  is  known, 
on  the  left  and  bouom  edges  of  the  square  subdomain.  However,  on  the  top  and 
right  edges,  one  finds  the  unusual  constraint.  "Please  communicate  with  your 
neighboring  nodes  to  update  points  on  the  edge." 

For  this  class  o**  problem,  the  hypcrcubc  and  sequential  codes  can  be  quite  simi- 
lar; they  differ  "only"  in  the  geometry  and  boundary  value  modules.  We  have 
found  it  relatively  easy  to  develop  codes  that  run  either  on  concurrent  or  sequential 
machines  depending  on  input  data.  Typically,  wc  have  developed  such  code  from 
scratch  and  not  modified  existing  sequential  code;  because  existing  sequential  code 
is  not  usually  structured  in  an  appropriately  modular  fashion  to  allow  direct  con- 
version to  concurrent  form. 

Figure  5  and  the  novel  boundary  condition  cited  above  make  it  clear  that  com- 
munication is  associated  with  the  edge  of  the  region  stored  in  each  node.  We  can 
quantify  the  effect  of  this  on  the  performance  of  a  hypcrcubc  by  inu-oducing  two 
parameters,  /^aic  and  /comm»  to  describe  the  hypercube  hardware. 

The  typical  time  required  to  perform  a  generic  calculation.  For  scientific  prob- 
lems, this  can  be  taken  as  a  floating  point  calculation  a^b*  cova  =  b  +  c. 

^cofnin-  'Oie  typical  time  taken  to  communicate  a  single  word  between  two  nodes 
connected  in  the  hardware  topology. 

/caic  'comm  are  not  precisely  defined  and  depend  on  many  parameters,  such  as 
size  of  message  length  for  /comm  and  use  of  memory  or  registers  for  /gale-  The 
overhead  due  to  communication  depends  on  the  ratio  T  given  by 
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T=fp=1.5^3  (2) 

*CilC 

where  we  have  quoted  ihc  value  for  our  initial  cosmic  cube  and  Mark  II  hypcr- 
cubes  built  at  Caltech.  For  probleois  similar  to  those  in  Figure  5,  wc  have  imple- 
mented code  and  measured  the  performance  of  the  hypercube.  We  can  express  the 
observed  speedup  S  as 

c,  N 

^    Ufc'  (3) 

where  the  problem  runs  S  times  faster  than  a  single  node  on  a  hypercube  with  N 
nodes. /c  is  the  fractional  concurrent  overtiead,  which  on  this  problem  class  is  due 
to  communication.  Because  the  latter  is  an  edge  efTcct,  one  finds  that 

/:  -  0.5  Icpmm 

(4) 

where  one  stores  n  grid  points  in  each  node,  /i  =  16  in  the  example  of  Figure  4  and 
5.  The  ratio  of  edge  to  area  in  two  dimensions  is  4  n^^.  We  see  that will  be  <0.1 
in  this  example,  i.e,,  the  speedup  will  be  <90  percent  of  optimal,  as  long  as  one 
stores  at  least  100  grid  points  in  each  node.  This  is  an  example  of  how  one  can 
quantify  the  importance  of  the  problem  being  large.  On  a  machine  with  N  nodes, 
the  hypercube  performs  *vell  on  two-dimensional  problems  with  at  least  100  grid 
points  in  each  node. 

One  can  generalize  equation  4  by  introducing  the  fractional  system  dimension 
d  associated  with  any  problem.^  In  terms  of  grain  si/e  n  and  problem  dimension  d, 

^  _  constant  ^ojnm 
n  *ca1c 

for  a  concun^ent  computer  with 

dc  =  dimension  of  (the  topology  oO  the  computer  >  d.  (6) 

For  the  hypercube,  d^  =  log2A^  is  large  and  equation  6  is  satisfied  for  most  prob- 
lems. This  explains  why  a  rich  topology  allows  the  concurrent  computer  to  per- 
fc;m  welK  Some  experimental  results  verifying  equation  5  are  summarized  in 
Figure  6.  We  might  have  thought  that  one  obtained  small  only  for  local  (nearest 
neighbor)  problems  such  as  that  shown  in  Figure  4.  This  is  not  Uiie  as  shown  in 
Figure  7  which  points  out  that  decreases  as  one  increases  the  '*range"  of  the 
algorithm.  Indeed,  long-range  force  problems  have  some  of  tlie  lowest  overhead 
known  for  parallel  machines.  What  counts  is  not  the  amount  of  communication 
(minimized  by  a  local  algorithm)  but  the  ratio  of  communication  to  calculation. 
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FiguraS.  Experimentally  nneasured  overhead  for  the  multiplication  of 
t»vo  MxM  matrices  on  a  hypercube.  The  number  of  matrix  ele- 
ments per  node  n  is  given  by  n  «  {M^l/N.  For  this  problem  the 
system  dimension  d  is  2.  The  dashed  lines  show  the  asymptotic 
behavior  for  large  n.  Note  that  f^  is  independent  of  N  for  a  square 
decomposition. 


From  equation  5,  we  sec  ihat  the  overhead  fc  depends  only  on  the  grain  size  and 
that  the  speedup  S  is  linear  with  N  for  exlrapolaiion  at  constant  grain  size.  This  is 
contrasicd  in  Figure  8  with  an  extrapolation  of  a  fixed  problem  to  machines  with 
an  increasing  number  N  of  nodes.  In  the  latter  case,  n  «  \/N  decreases  and  the 
importance  of  control  and  communication  overheads  increase;  the  speedup  when 
ploued  against  eventually  levels  off.  It  is  oitf  impression  that  one  typically  builds 
larger  machines  to  solve  larger  problems  and  that  the  approximately  fixed  gram- 
size  extrapolation,  that  is,  S  linear  with    is  most  appropriate. 

In  many  problems,  there  are  other  degradations  in  the  performance  of  current 
computers.  For  example,  load  imbalance  is  often  a  significant  issue.^^  One  needs 
to  parcel  out  work  to  the  nodes  so  that  each  has  approximately  the  same  amount  of 
computation.  This  was  trivially  achieved  in  Figure  4  by  ensuring  that  each  node 
processes  an  equal  number  of  grid  points.  We  have  shown  that  one  can  view  load 
balancing  as  an  optimization  problem  and  apply  a  variety  of  techniques,  of  which 
simulated  annealing^^  and  neural  networics^^  are  the  most  auracdve.  These  meth- 

O   ds  are  quite  interesting  because  they  involve  a  deep  analogy  between  general 

J  C  n)blems  and  a  physics  system. 
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Figure  7.  The  effect  of  differing  stencils  on  the  communication  overhead  f^. 

For  the  stencils  in  panels  a,  and  c,  f^  ir  proportional  to  ,  where  n 
is  the  r  Tiber  of  grid  points  per  processor.  As  the  stencil  size 
increases  (see  panel  6),  f^  decreases,  until  when  the  stencil  covers 
the  full  domain  of  ti^e  problem  (panel  e),  f^  is  proportional  to  1/n. 
This  corresponds  to  a  long-range  force  problem. 

Uses  of  Concurrent  Supercomputers 
Ov  jrview 

At  Caltcch,  wc  have  set  up  the  Caltcch  Concurrent  Supercomputer  Facility 
(CCSF)  led  by  Dr.  Paul  Messina.  This  currently  includes  high-performance  hyper- 
cubes  from  JPL  (internal),  ncjbe.  intel.  and  ametek,  as  well  as  a  half  share  in  a 
sic  16K  node  connection  machine  CM-2  from  Thinking  Machines.  We  expect  to  keep 
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(a)  FvLtd  Grain  Size  (b)  Fixed  Problem  Size 


Speedup 


Number  of  Nodes  Number  of  Nodes 

Amount  of  problem  n  gets  small;  commmiica- 

in  each,  node  fixed.  tion  and  control  dominate. 


Problem  Size  oe  N  Grain  Size  oe  1/N 


Fi03ir»  8.  The  relationship  between  speedup  S  and  number  of  nodes  N  for 
(a)  fixed  grain  size  and  (b)  fixed  problem  size. 


ihis  facility  up-to-date  wiih  new  parallel  machines  as  they  become  available.  Wc 
have  studied  the  use  of  such  machines  in  various  computadonal  science  and  engi- 
neering fields  and  use  local  Caltcch  examples  to  hi£hlight  current  and  future  uses 
of  concurrent  supcxompuicrs. 

Let  us  start  with  general  remarks.  Current  large  computations  consist  at  best  of 
some  1,000  hours  on  a  CRAY/XMP,  perhaps  running  for  well- vectorized  code  at 
100  megaflops.  Taking  a  "year**  as  5,000  hours,  wc  can  state  that  large  computa- 
tions an  integrated  level  of  20  megaflop  years  while  more  typically  one  might 
use  one  megaflop  year.  Even  the  latter  would  require  a  VAXll/780  dedicated  foi 
Ave  years,  and  this  machine  has  only  just  become  obsolete.  However,  we  should 
soon  see  gtgaflop  yea^s  as  possible  foi"  large  problems,  while  by  the  year  2,000,  a 
tcraflop  year  on  a  single  problem  seems  quite  possible.  The  impact  of  such  huge 
increases  in  performance  is  not  ^asy  to  predict,  but  we  know  ihat  the  impact  will  be 
large.  We  neeo  to  use  present  machines  to  learn  how  to  hames.^  the  power  of  those 
in  the  future.  In  many  fields  current  supercomputers  are  allowi^  ^  sci  ;ntists  to  solve 
the  "real**  problem  for  the  first  time,  e.g.,  to  study  uiie  three-dincaoio^a!  cases 
rather  than  model  two-dimensional  test  cases  possible  in  the  past. 

We  will  now  look  at  a  few  examples. 
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Astronomical  Data  Analysis 

Al  Callcch,  Tom  Prince's  group  is  using  ihc  nojbe  to  analyze  radio  astronomy 
data  to  look  for  pulsars.^^  Similar  uses  are  possible  in  optical  astronomy  with  the 
advent  of  new  detection  technology  with  direct  photon  counting.  We  can  also 
expect  optical  interferometers  involving  satellites,  aiid  perhaps  the  new  Keck  tele- 
scope needs.  At  a  rough  estimate,  the  current  Mount  Palomar  200-inch  telescope 
needs  0.1  gigaflop  for  real-time  processing,  and  the  Keck  telescq)e  needs  pertiaps 
10  gigaflops.  We  will  need  to  develop  novel  (perhaps  neural-na)  parallcl-image- 
clean-up  and  feature-extraction  algorithms  to  expldt  the  new  telescopes,  and  we 
will  need  to  use  novel  architecture  computers  to  perform  the  analysis. 


Cortex  Simulations 

Callcch  has  just  started  a  new  Ph.D.  program  called  Computation  and  Neural 
Systems  (CNS)  to  study  die  issues  involving  biology,  computer  science  and 
pnysics.  Central  to  diis  research  is  the  three-way  interplay  among  computer  simu- 
lation experimentation,  and  dieoretical  neural  network  in  deepening  our  nder- 
standing  of  the  brain.  We  have  only  just  started  cortex  simulations  which  are 
naturally  suited  to  parallel  simulations.  It  is  simply  not  known  how  lai^e  a  simu- 
lation, and  widi  what  accuracy  in  neural  modeling,  is  needed  to  reproduce  essential 
lunctions  of  the  cortex. 


Vision 

A  more  direct  use  of  parallel  ''Dmpuiers  in  CNS  is  to  implement  high  perfor- 
mance vision.^5  Real  ij^^  vision  icquires  30  pictures/second,  and  tcraflop  perfor- 
mance should  allow  an  excellent  vision  system  with  around  10^  pixels.  Of  course 
there  are  many  unsolved  issues  in  vision,  but  the  crui^ial  point  is  that  we  can  expect 
computers  widi  the  necessary  performance;  this  should  give  researchers  a  major 
motivation  to  find  effective  algorithms. 

Quantum  Chemical  Reactions 

Kuppcrmann  has  been  investigating  tne  theoretical  simulation  of  chernical  reac- 
tions involving  three  or  four  aioms.^^  Even  collisions  between  large  proteins  and 
enzymes  only  involve  this  number  of  active  atoms.  A  typical  problem  is  the  chemi- 
cal laser  shown  in  Figure  9.  Kuppermann's  group  is  using  a  hyperspherical  coordi- 
nate method  involving  the  solution  of  a  multichannel  Schr^dinger  equation 
preceded  by  a  finite  element  determination  of  the  eigenfunctions.  The  current 
gigaflop  computers  allow  the  study  of  reactions  like  0  +  //2  ->  Oil  +  //  and  Oil  + 
112  +     while  the  more  complex  states  in  f  +  II2  ->  FII  +  //  could  need 

teraflop  performance. 
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H2  Excited  Stale 

laser 


Figura  9.  The  reactions  involved  in  the  fluorine-based  chemical  laser  are 
typical  of  those  requiring  computer  performance  approaching  the 
teraflop  range. 


Geophysics 

The  hypercube  has  been  used  as  a  routine  tool  by  the  Callech  geophysics  group 
for  many  years,  and  Clayton  is  proposing  to  develop  on  interactive  system 
around  the  hypercube  for  the  interpretation  of  oi!  exploration  data.  Shell  has  been 
using  the  ncube  hypercube  for  some  time  for  some  aspects  of  seismic  data  analy- 
sis. 

Oil  reservoir  simulations  arc  crucial  in  secondary  and  tertiary  extractions  from 
reservoirs,  and  these  finite  element  compulations  are  well  suited  to  parallel 
m-jci:ines.  Hager  has  been  simulating  tlje  long-term  plate  movement  and  convec- 
tion wi!hin  the  earth  over  time  periods  of  0(10^)  years  with  such  finite  element 
method5.  -  In  each  case  megaflop  performance  allows  some  two-dimensional  sim- 
ulaiions.  while  gigaflop  machines  will  lead  to  some  of  the  first  good  thrce-dimen- 
sio  ^computations. 


High  Energy  Physics 

We  have  used  the  hyr-  :ube  and  perhaps  10.000  hours  of  hypercube  computer 
time  to  produce  16  pnbU..ed  p^rs  on  lattice  gauge  theory  calculations.  i.e..  to 
predict  iropeitics  of  fundamental  particles.  These  are  Monte  Carlo  calcufations  in 
four  dimensions  and  so  are  particularly  time  consuming.i^  Currently  a 
20x20x20x20  lattice  needs  on  the  order  of  1000  CRAY/XMP  hours,  i.e..  corre- 
sponds to  0.02  gigaflop  ycai-s.  More  reasonably  sized  systems,  such  as  100*.  clear- 
ly need  tmOop  performance.  New  string  theories  linking  all  forces  will  be  even 
more  computaiionaUy  demanding.  Further,  we  have  little  idea  how  to  calculate 
scattering  ampliaides. 


Spac9  Science 

Caltech's  Jet  Propulsion  Laboratory  (JPL)  is  known  for  its  unmanned  probes  of 
the  solar  system.  An  interesting  project  planned  is  the  Mars  Rover,  which  will 
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Figurs  10.  An  imaginary  missile  launch  scenario  decomposed  for  a  concur- 
rent computer  with  four  nodes..  These  types  of  target-tracicing 
problems  are  we!!  suited  to  concuirent  supercomputers. 

place  a  robot  on  Mars.  This  will  need  a  small  fault-tolerant  on-board  controller 
with  gigaflop  performance,  and  the  same  fschnology  descnbeu  earlier  as  giving  us 
a  teraflcq>  ""mainframe**  should  allow  this  goal. 

Another  major  computationally  in*"  ^ve  task  at  J?L  involves  satellite  datr  pro- 
cessing. Fields  like  synthetic  aperture  radar  and  q)ectiome(ry  need  gigaflop  com- 
puters for  real-time  analysis.  This  estimate  ign(veb  Ume  needed  for  difftcuU  feature 
extraction,  which  is  currently  in  its  infancy,  due  partly  to  the  lack  of  high-perfor- 
mance general-purpose  computers. 

Defense  of  the  Nation 

To  defend  against  the  threat  sketched  in  Figure  10,  it  has  been  estimated  that 
one  must  track  and  aim  countermeasures  against  some  2,000  missiles  in  boost  and 
100>000  objects  in  mid  course.  This  is  a  large  problem  and  quite  well  suited  to  con- 
current supercomputers.^  So  we  will  have  the  computer  power  to  address  tlie 
strategic  defense  mitiauve!  However,  will  the  software  woric  in  practice?  Who 
knows?  We  certainly  don't»  but  simulation  of  such  battle  scenarios  is  a  major  com- 
putational task  probably  requiring  much  greater  performance  to  cover  the  many 
possible  scenarios. 

Conclusion? 

Highly  parallel  supercomputers  built  from  1,000  to  100,000  individual  nodes  will 
jurely  be  the  standard  in  the  next  decade.  They  offer  a  challenge  to  the  user  but  the 
opportunity  for  a  revdution  in  the  computational  approach  to  science.  The  ques- 
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lion  is  not  "Will  ihcy  work?"  or  "Will  such  systems  be  built?"  but  rather  "How  can 
we  use  them?" 
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This  paper  deals  with  two  issues  in  the  use  of  computers  in  physics  instruction. 
The  first  issue  is  whether  the  use  of  computers  can,  in  fact,  be  justified  in  physics 
instnictioQ  and,  if  it  can,  under  what  conditions.  The  second  issue  is  the  use  of 
spreadsheet  srjftware  as  a  positive  example  of  conclusions  reached  from  the  first 
issue.  The  first  part  of  the  paper  wrestles  with  the  justifiability  issue  and  proposes 
some  conclusions.  The  second  pan  presents  the  applic^on  of  q^readsheet  software 
to  physics  instruction  as  an  exemplar.  The  &  part  presents  examples  of  an 
approach  to  using  spreadsheets  in  physics  classes  that  takes  advantage  of  the 
instructional  possibilities  of  the  software. 

Computers  Are  Not  an  Inherently  Superior 
Instructional  MscMum 

In  a  tepon  sumn.jr  ing  the  findings  of  over  ISO  studies  of  the  efficiency  and/or 
efficacy  of  computer-based  instruction  Ted  Shlechter  claims  that 

Consistent  empirical  evidence  does  not  exist  to  support  ch*  de.ty  claimed 
advantag;^  vof  CBI  (computer-based  instruction)  over  other  instructional  media 
for  (a)  reducing  training  time;  (b)  reducing  lif&cycle  costs;  (c)  facilitating  stu- 
debits'  mastery  of  instructional  materials;  (d)  accommodating  individual  learn- 
ing differences;  and  (e)  motivating  stud^ts'  learning.  The  lack  of  empirical 
support  for  these  issues  is  not  totally  explained  by  problematic  courseware. 

Plroblematic  research  procedures  were  also  found  throughout  the  CBI  litera- 
ture. Most  noticeable  of  these  research  problems  v;ere  (a)  confoundings  due  to 
differences  in  instructional  content;  (b)  making  compaiisons  with  inapprt^riate 
media;  (c)  confoundings  due  to  "program  novelty  effects";  and  (d)  findings  that 
were  not  rq)licated.i 

In  a  review  of  research  on  learning  from  media,  Dick  CT'rk  suggests  that 

The  best  current  evidem  e  is  that  media  are  mere  vehicles  that  deliver 
instruction  but  do  not  infiuence  sttJent  ach-evement  any  more  than  the  \xuck 
that  delivers  our  groceries  causes  changes  in  our  nutrition.  Basically,  th.  choice 
of  vehicle  mi^t  infiuence  the  cost  or  extent  of  distributing  instruction,  but  only 
the  content  of  the  vehicle  can  infiuence  achievement^ 
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Ted  Shiechier  and  Dick  Clark  arc  respected  for  their  work  in  \i\c  field  of 
instructional  technology:  Schlechter,  because  of  his  extensive  recent  work  summa- 
rizing research  in  the  effectiveriess  of  CBI  recently,  and  Clark  because  of  his  sig- 
nificant work  in  the  field  for  decades.  In  his  review,  Clark  says  that  those  reports 
that  support  claim  to  the  superiority  of  computer-based  instruction  attribute  to  such 
instruction  effects  that  can  just  as  easily  be  explained  by  the  confounding  factor  of 
the  instructional  approach.  The  computer  treatm^ts  in  the  studies  he  cites  are  not 
just  computer  deliveries  of  the  same  instruction  received  in  a  competing  treatment 
The  computer-based  treatments  often  personalize  instruction,  which  is  not  done  in 
the  other  treatment  This  mastery-based  approach  can  be  shown  to  produce  a  sig- 
nificant effect  independent  of  the  use  of  computers  ^  Because  the  effect  observed 
in  the  studies  of  computer-based  insuiiction  versus  other  media  is  no  larger  than 
that  which  can  be  induced  by  a  mastery-based  approach,  one  cannot  solely 
attribute  the  observed  effec  the  computer-based  training.  Orlansky  and  Suing 
have  pointed  out  that  programmed  instruction  on  the  computer  cannot  be  demon- 
strated to  be  any  more  efficient  or  effective  than  the  same  insmiction  from  a  pro- 
grammed insUuction  book  of  the  sort  popular  in  the  late  19608."* 

So,  where  does  this  leavu  us?  Are  we  being  swept  away  by  another  fad  based 
on  an  expensive  high  tech  toy?  Are  we  wasting  time  and  money?  Why  do  we  con- 
tinue to  use  computers  in  insuiiction?  What  lessons  can  we  Icam  from  these  sum- 
maries of  the  research? 

The  statements  above,  stopped  me  cold  for  a  while.  For  me,  responsible 
answers  to  the  questions  did  not  come  easily.  I  was  afraid  that  I  might,  in  fact,  be 
advocating  the  use  of  a  fun  toy,  a  fad.  Yet  at  the  time  I  was  first  exposed  to  these 
summaries  of  the  research,  many  people  for  whom  I  have  great  respect  were  also 
advocating  the  use  of  computers  to  deliver  insuiiction. 


Why  Should  We  tJse  Computers  in 
Instruction? 

In  the  light  of  the  above,  here  are  some  thoughts  that  justify  the  expense  of 
computers  for  insUuction.  These  justifications  are  also  the  criteria  that  should  be 
used  for  the  design,  selection,  or  evaluation  of  computer-based  instruction. 

It  is  not  hard  for  us  to  believe  that  no  medium  for  the  delivery  of  insUnciion  is 
inherently  superior  to  another.  We  have  all  seen  plenty  of  badly  botched  attempts  at 
instruction.  As  Clark  points  out,  how  one  uses  the  medium  is  more  important  than 
which  medium  is  used.  From  this,  it  Is  easy  to  conclude  that  continued  efforts  at 
"horse  race"  experiments  comparing  computers  with  other  media  are  largely  a 
waste  of  time.  But  this  docs  not  justify  the  use  of  computers  over  other  media  for 
instruction. 

Insuiiction  that  we  do  attempt,  via  the  computer  (or  any  oiher  medium),  should 
include  as  much  of  a  mastery-based  approach  as  possible.  This  means  that  if  we 
are  dealing  with  typical  computer-assisted  instruction  (CAI),  then  the  software 
should  pretest  the  sUidents  on  each  objective.  If  a  student  pas«"es  the  pretest  suc- 
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ccssfully,  that  person  should  be  moved  on  to  the  next  objective.  Those  objectives 
that  a  student  does  not  meet  initially  should  be  brought  up  and  tested  again  in  some 
way,  until  the  objective  is  met.  If  the  software  you  are  evaluating  or  developing 
does  not  use  this  strategy,  then  you  could  probably  do  just  as  well,  and  do  it  less 
expensively,  with  some  other  medium.  But  just  including  mastery-based  approach- 
es still  does  not,  by  itself,  justify  the  use  of  the  computer  as  more  effective  or  effi- 
cient 

The  fact  that  the  investigators  so  frequently  fail  to  make  the  experiments  "fair** 
sticks  in  the  mind.  Why  have  these  people  spoiled  their  own  experiments?  It  must 
be  easier,  in  fact,  maybe  more  natural,  to  include  things  like  a  mastery-based 
approach  when  designing  computer-based  instruction,  because  the  mode  of  interac- 
tion is  usually  one-on-one  in  the  typical  CAI.  It  is  so  natural  and  so  easy,  in  fact, 
that  it  is  hard  not  to  use  this  approach.  The  resulting  experiments  were  unfair 
because  they  did  rot  hold  all  things  the  same,  other  than  the  medium  being  used. 

Let  Us  Take  This  "Unfairness  of  the  Tests'* 
One  Step  Further 

What  if  there  are  learning  objectives  that  can  be  accomplished  with  a  computer 
that  no  other  medium  can  accomplish?  Can  one  do  a  "fair**  experiment  to  compare 
media  in  this  context?  Obviously  not!  What  if  these  learning  objectives  are  impor- 
tant for  students  to  acquire?  Clearly,  our  only  choice  is  to  use  the  computer  to  help 
them  achieve  that  objective.  Now,  finally,  we  have  a  reason  why  computers  should 
be  used  in  instruction:  to  accomplish  something  that  can  be  done  only  with  a  com- 
puter. 

This  ;nay  seem  to  be  an  extreme  position,  but  there  are  a  number  of  examples 
where  this  criterion  is  easily  met 

Course  Logistics,  In  cases  where  an  insuiictor  cannot  be  spread  tliin  enough  to 
n*»-idle  all  of  the  courses  needed  by  students,  CBI  can  handle  much  of  a  course, 
including  monitoring  progress  and  managing  grades,  etc.,  freeing  the  professor  for 
other  duties,  most  importantly  the  out-of-the-ordinary  needs  of  students  in  the 
computer-based  cou  se  that  can  be  handled  only  by  human  intelligence. 

Learning  Objectives,  The  work  with  the  uluasonic  motion  transducer  by  Bob 
Tinker  of  the  Technical  Educati'^n  Resource  Center  and  Ron  Thornton  of  Tufts 
University  is  an  example  in  which  the  computer  makes  possible  an  understanding 
of  graphs  of  motion  not  possible  before.^  It  seems  that  the  ability  to  plot  graphs  of 
student-controlled  motion  in  real  time  is  instrumental  in  learning  results  from  this 
technology.  No  other  technology  available  can  generate  graphs  of  student-con- 
U^ollcd  motion  in  real  time. 

There  is  one  more  reason  justifying  the  use  of  computers  in  physics  snsUiiction: 
to  support  the  development  of  skills  and  quai  'jtativc  habiis  of  mind  that  are  a  part 
of  the  physicist*s  way  of  understanding  the  world.  An  essential  feature  of  the 
physicist *s  altitudes  about  the  world  is  that  the  outcome  of  an  experiment  should  be 
predictable  in  some  quantitative  fashion.  If  something  happens  that  we  would  not 
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have  predicted,  we  work  at  it  until  wc  can  quantitatively  describe  the  outcome. 
Computers  bring  large  amounts  of  computing  power  into  the  hands  of  the  physi- 
cist If  physicists-in-training  do  not  come  to  view  the  computer  and  computing 
software  as  second  nature  in  their  efforts  to  understand  the  physical  worid,  then 
we,  the  teachers,  are  derelict  in  our  duties.  Those  students  who  are  not  studying  to 
be  physicists  are  likely  in  need  of  similar  computational  skills.  If  they  arc  taking  a 
physk:s  course  as  part  of  the  requirements  for  graduation,  but  are  not  majoring  in  a 
quantitative  field,  then  one  contribution  that  their  experience  in  physics  can  make 
is  for  them  to  see,  if  only  briefly,  through  the  quantitative  "eyes"  of  the  physicist; 
this  is  made  possible  by  accessible,  easy-to-use  computers  and  software. 
Obviously,  the  only  way  to  develop  the  requisite  skills  is  to  use  the  computer. 

Using  Spreadsheet  Software  in 
Physics  Instruction 

Rather  than  explain  in  detail  what  spreadsheet  software  is,  I  urge  you  to  gain 
access  lo  one  of  the  packages  mentioned  below  and  work  through  some  tutorial 
material  for  it,  and  then  try  some  physics  investigations  of  the  sort  described  below 
or  in  the  literature.  Spreadsheets  cannot  be  fully  understood  from  static  displays  on 
p£^r. 

For  the  sake  of  completeness.  I  shall  describe  spreadsheet  software.  Briefly, 
spreadsheet  software  displays  on  the  screen,  rows  and  columns  of  information 
stored  in  cells.  Into  each  cell  one  can  enter  a  label  (text  material),  a  number,  or  a 
formula.  A  cell  containing  a  formula  will  display  the  value  that  is  the  result  of  the 
calculation  indicated  by  the  formula.  The  formula  can  include  references  to  the  val- 
ues displayed  in  other  cells.  Changing  the  vaJ  ie  displayed  in  a  cell  in  some  way 
will  result  in  a  change  in  the  value  displayed  by  any  other  cell  that  refers  to  the 
original  cell  in  its  formula.  Most  spreadsheet  packages  can  now  graph  data  gener- 
ated in  the  spreadsheet  portion  of  the  package.  This  pape'  assumes  that  spreadsheet 
software  appropriate  for  physics  instruction  includes  features  that  will  graph  the 
data  in  the  spreadsheet.  This  feature  is  highly  '^sirable  and  will  be  assumed  to  be  a 
part  of  the  software  package  whenever  the  term  '"spreadsheet"  is  used  in  this  paper. 


U<  ful  Properties  of  Spreadsheet  Software 

1.  Ubiquity,  Spreadsl.  ;et  soitware  adequate  for  the  investigation  of  physical  mod- 
els or  computational  chores  in  much  of  the  physics  curriculum  is  available  on 
most  of  the  ccKnmon  microcomputers.  A  nonexhaustive  list  includes  Apple  II 
(SuperCalc),  Commodore  {Powei  Plan),  Macintosh  {Excel  Quattro),  and  MS 
DOS  Qmtro). 

2.  Similarity.  Because  the  features  of  spreadsheet  software  are  basically  common 
to  all  of  the  software  packages,  we  can  speak  in  the  same  general  terms  to  each 
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other  about  the  teaching  of  physics  in  this  context  without  being  lost  in  the 
details  of  differences  in  programming  languages.  Because  of  marketing  compe- 
tition, many  of  the  producers  of  this  software  have  worked  out  schemes  for 
porting  files  from  one  software  package  to  another. 

3.  Gentility.  To  become  as  popular  as  it  has,  the  software  must  have  a  powerful  but 
friendly  int^ace  with  the  user.  The  user  can  easily  edit  input.  Output  format- 
ting is  already  arranged  for.  Calculations  are  easy  to  input  and  propagate 
through  the  rows  and  columns.  Spreadsheets  have  the  power  to  carry  out  lots  of 
calculations  quickly  and  most  can  iterate  calculations.  Tools  called  "macros" 
customize  flies  to  facilitate  initial  student  use.  The  numbers  generated  can  be 
easily  displayed  in  graphical  form. 

The  appeal  to  undergraduates  of  sprcausheets  for  physics  calculations  is  vividly 
illusurated  by  an  anecdote  told  by  a  colleague  at  a  well-known  university.  This 
physics  professor,  an  Apple  user  and,  originally,  a  non-MS  DOS  user,  gave  assign- 
ments that  he  thought  would  require  his  students  to  write  short  programs  in  BASIC 
or  Pascal.  The  students  found  that  their  campus  had  microcomputer  labs  that  gave 
them  access  to  Lotus  Symphony  (a  spreadsheet  package)  on  MS  DOS  machines. 
The  students  chose  to  use  Symphony  over  a  traditional  programming  language.  The 
professor  has  become  a  Symphony  expert  to  assist  his  students,  although  he  uses 
Excel  with  the  Macintosh  for  his  own  work. 

W\\h  spreadsheet  software  th^e  is  little  mental  overhead  required  for  making 
things  happen.  One's  working  memory  is  not  filled  with  the  mechanics  of  operat- 
ing the  spreadsheet  software.  Toth  students  and  insU'uctors  can  concentrate  on 
learning  and  reasoning  about  the  physical  world  without  being  unduly  distracted 
by  the  mechanism  of  the  software.  Because  one  is  only  ad  Mng  the  ''physics"  to  a 
well-developed  software  package,  when  things  go  awry,  it  is  usually  with  the 
physics  that  has  been  entered  and  not  with  some  obscure  misunderstanding  by  the 
student  about  programming  thus  both  instructor  and  student  can  focus  on  the 
physics.  The  features  of  the  software  make  it  possible  to  ease  students  into  using  it. 
Starting  with  spreadsheets  that  are  almost  completely  built,  with  each  subsequent 
investigation  the  student  is  asked  to  do  one  more  thing,  until  the  student  is  building 
the  whole  spreadsheet.  We  can  realistically  expect  that  suidents  eventually  build 
their  own  spreadsheets.  At  the  Air  Force  Academy,  for  example,  spreadsheet  inves- 
tigations have  become  an  integral  part  of  some  physics  classes.^  With  the  suidents 
exploring  physics  using  spreadsheets,  it  is  easy  to  imagine  them  coming  to  view 
spreadsheets  as  an  obvious  tool  for  this  purpose. 

How  many  student^  have  resisted  taking  or  rcaPy  learning  physics  because  of 
the  fear  or  sheer  burden  of  the  mechanics  of  computation?  What  might  we  have 
lost  from  tlie  physics  community  because  we  nevf  received  the  benefit  of  their 
imaginations?  Kow  many  might  we  bring  into  the  fold  if  we  reduce  the  barriers  to 
experiences  in  which  students  can  see  the  excitement  of  matching  nature  quantita- 
tively? 

ERIC 


Dykstra  367 


Spreadsheets  provide  a  low-ihreshold  entry  into  explorations  of  physical  phe- 
nomena which  students  do  not  yet  possess  mathematical  tools  to  handle  analyucal- 
ly  in  closed  form.  For  that  mauer,  students  can  handle  situations  for  which  there  is 
no  closed  analytic  form.  What  has  held  us  back  from  these  types  of  situations 
before  is  that  the  numerical  methods  involved  were  too  tedious  computationally. 
We  can  now  get  something  for  our  students  not  possible  before.  Instead  of  being 
limited  to  free  fall  in  a  vacuum,  students  can  include  the  effects  of  air  drag.  Many 
of  today's  real  problems  are  being  solved  numerically  on  computers.  Computations 
using  spreadsheets  can  introduce  students  to  the  basic  processes  involved  in  the 
compulations  from  the  beginning.  What  better  introduction  to  computational 
physics  than  to  acquire  the  habit  of  applying  basic  principles  of  physics  and  com- 
putational power  to  model  what  might  happen  in  a  given  situation?  Isn't  this  the 
essence  of  computational  physics? 

One  additional  idea  deserves  mention.  While  I  have  already  indicated  some  of 
the  advantages  of  spreadsheets  over  programming  languages  for  learning  physics, 
one  other  important  reason  in  favor  of  spreadsheets  exists:  spreadsheet  software  is 
the  most  efficient  or  effective  way  to  accomplish  many  tasks,  and  every  well- 
trained  professional  should  be  able  to  use  it.  The  only  valid  reason  for  writing  a 
program  to  do  such  things  as  developing  budgets  for  projects  or  keeping  grades,  is 
to  learn  the  language.  Writing  a  program  to  do  these  jobs  will  never  be  the  most 
efTicient  or  effective  way  to  accomplish  these  tasks.  This  is  not  to  say  that  pro- 
gramming languages  have  no  place,  but  they  get  in  the  way  of  introductory  stu- 
dents' learning  physics.  They  can  and  should  be  used  later  to  do  the  things  that 
programming  languages  can  do  well. 


Using  Spreadsheets  to  Find  Out 
about  Physics 

At  the  intrciuctor)'  level  it  is  best  to  focus  instruction  on  helping  students  under- 
stand the  basic  points  of  view  in  physics.  Students  come  to  class  with  a  set  of 
working  beliefs  that  do  not  reflect  scientists'  view  of  the  world,  a?  d  our  task  is  to 
change  these  beliefs.  This  is  not  an  easy  task.  Just  telling  them  the  "truth"  as  physi- 
cists see  it,  is  not  enough  to  change  students'  beliefs.  We  have  to  help  them  con- 
struct new  ideas  about  the  world  for  themselves.  Activities  aimed  at  getting  the 
right  an:;wer  generally  do  not  accomplish  this. 

Since  the  technology  available  to  students  in  the  past  did  not  support  much 
more  than  "single-answer"  problem-solving,  most  of  us  have  develoi>ed  skills  gen- 
erating this  sort  of  problem.  Spreadsheets  and  microcomputers  make  much  more 
possible.  We  have  to  shift  gears  to  dream  up  activities  that  go  beyond  the  confines 
of  the  old  technologies.  If  we  do  not  ask  the  computer  to  give  us  more  than  we 
were  getting  from  the  old  technologies,  then  we  are  wasting  our  time  and  money. 

The  following  are  examples  that  contrast  the  single-answer  approach  to  design- 
ing spreadsheet-based  assignments  to  a  more  expansive  investigation  app.'-oach. 
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Fiflura  1*  Single-answer  approach:  SHM  spreadsheet. 


Physics  of  Simple  Harmonic  Motion  (SHM) 

Single-Answer  Approach.  Teachers  can  write  an  interesting  handout  that  leads 
the  students  to  set  up  a  qyreadsheet  to  calculate  the  period  of  a  pendulum  on  vari- 
ous planets.  Students  might  put  the  problem  in  the  context  of  colonists  from  earth 
going  to  another  planet  Should  th^  take  along  the  family  heirloom  grandfather 
clock?  In  one  column  they  mi^t  list  g  on  various  planets,  and  in  anothei  column 
calculate  the  corresponding  ideal  simple-pendulum  period  for  a  pendulum  that 
gives  the  right  period  on  earth.  They  might  cakulate  in  a  third  column  the  correct 
length  for  the  pn^  period  on  each  planet 

Investigation  Approach.  Starting  with  the  same  motivation,  teachci^  can  ^ave 
students  set  up  a  spfeidsheet  that  caJcuIates  the  time  to  various  positions  (starting 
with  the  initial  position)  and  velocity,  cateulating  from  uHe  forces  involved  to  the 
resulting  accelerations,  to  velocity,  and  to  time  at  each  position.  Then  students  can 
explore  to  find  the  best  length  having  the  length  of  the  pendulum  as  an  input 
along  with  g  on  the  plaiiet  in  question. 

This  approach  cSers  several  unique  experiences  to  students:  How  often  are  sui- 
dents  asked  to  work  out  the  time  as  a  function  of  position?  How  often  are  students 
asked  to  cakulate  the  physics  of  pendulums  from  first  principles  instead  of  derived 
equations?  Because  the  calculations  in  this  version  are  not  limited  to  small  angles, 
one  can  have  the  students  explore  the  dtscrq)ancic5  between  the  spreadsheet  calcu- 
lation and  the  ideal  equation.  Sin  e  the  calculations  average  over  discrete  intervals, 
one  can  also  have  students  exp?'N:e  the  effects  of  adjusting  interval  sizes.  When 
th^  have  finished  this  investigai  m,  they  might  write  a  short  report  summarizing 
their  findings.  This  will  help  them  bring  their  ideas  into  focus  and  give  the  instruc- 
tor an  insight  into  their  understandings. 

This  spreadsheet  calculates  the  time  to  position  from  first  principles  and  also 
displays  the  SHM  small-angle  approximation  value,  both  allowing  the  student  to 
vary  the  pendulum  length.  (In  this  figure  and  all  subsequent  spreadsheet  images, 
members  in  bold  that  also  have  labels  in  bold  are  inputs  that  can  be  changed,  forc- 
ing the  spreadsheet  to  recalculate  other  values  that  it  displays.) 
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Figuro  Z.  Investigation  approach:  SHM  spreadsheet. 


Reldtivistic  Electrons  in  a  Linear  Accelerator 

Single-Answer  Approach.  Ibachcrs  can  introduce  the  idea  that  the  electrons  go 
so  fast  in  the  Stanford  linear  accelerator  that  the  two-mi le-long  accelerator  is 
Lorentz  contracted  to  a  length  of  two  feet  Students  can  build  a  spreadsheet  that 
has  in  on^  column  a  list  of  possible  Lorentz-contracted  lengths  and  in  the  next  col- 
umn the  speed  that  the  electrons  would  have  to  go  for  the  accelerator  to  be  con- 
tracted to  those  lengths. 

Investigation  Approach.  Using  the  same  introduction,  teachers  can  have  stu- 
dents set  q)  a  ^  ^dsheet  that  simulates  an  electron  accelerator.  The  input  should 
be  the  accelerating  voltage.  From  the  accelerating  voltage  they  can  generate 
columns  to  calculate  the  kinetic  energy  of  the  elcciron»  the  electron  speed,  the  rcla- 
tivistic  length  of  the  accelerator,  die  relativistir.  mass  of  the  accelerated  electron, 
and  the  ratio  of  the  relativistic  mass  to  the  ^cst  mass  of  the  accelerated  elecu^on  at 
each  100-meter  interval  for  the  full  3,200-meier  length  of  the  accelerator.  They  can 
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Figura  3.  Single-antwer  approach:  Lorentz-contraction  apreadaheet. 
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fiqum  4.  Inveatigation  approach:  electron  accet  jri»tor  apreadaheet. 
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Rgura  5.  Single^answer  approach:  Doppler  shift  spreadsHcc*. 


e?q)erimeot  with  accelemdng  voltages  until  at  the  end  of  lie  accel^ator,  its  tela- 
tivistic  length  is  about  ^  meter 

After  ibey  have  built  the  simulator  in  spfcadsheet  form,  students  shouid  write  a 
short  lepcxt  describiiig  such  things  as  (1)  how  the  velocity  at  the  end  of  the  first 
100  meters  compares  with  Aat  at  th^  end  for  the  voltage  that  they  have  found  and 
at  several  differenl  fractions  of  tha*.  voltage,  and  (2)  how  the  relativistic  mass  and 
the  rest  mass  compare  at  the  end  of  the  track. 

Gr^hs  of  th:;  various  calculated  quantities  versus  distance  along  the  track  for 
different  accelerating  voltages  can  be  quite  instiiH:tive. 


Doppler  Shift 

Single-Answer  Approach.  Referring  to  ambulance  sirens  and  car  horns,  teachers 
can  ask  students  to  calculate  the  shifted  frequency  for  various  source  velocities.  If 
tiiqr  have  the  source  fiequency  as  an  input;  in  column  one  they  can  list  a  range  of 
velocities  and  in  column  two  cakulate  the  shifted  frequency. 

Investigatic'  Approach.  Referring  to  the  same  phenomenon,  teachers  c?r  lead 
students  to  calculate  the  frequency  as  a  function  of  time  as  the  93urce  passes  by. 
Students  should  assume  that  the  observer  is  offset  from  the  hncar  path  of  the 
source,  which  moves  with  constant  vekxity.  Thinking  of  the  angular  position  of 
the  source  along  its  path  with  le^pea  to  the  observe,  students  can  calculate  the 
observed  frequency  fiom  the  component  of  the  yckdty  toward  the  observer.  From 
angular  position  they  can  calculate  linear  position  akMig  the  path  of  motion  and 
from  that,  time  at  position.  Only  one  more  step  remains:  to  cafcukite  the  propaga- 
tkm  time  for  the  sound  from  the  point  of  emission.  Finally,  students  must  consider 
frequency  vmis  time  of  airival  of  the  sound  at  the  observer.  With  source  velocity, 
ofiset  distance,  and  source  frequency  as  input  variables,  stud^ts  can  exjdore  the 
j  nature  of  the  changes  in  frequency  as  th^  source  goes  by.  Some  very  interesting 
results  can  occur  when  the  source  is  fiuter  than  the  sotuK^  situation 
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Fifittro  6.  Investigation  approach:  Ooppler  shift  spreadsheet. 


can  be  quite  smprising.  When  students  have  explored,  teachers  can  have  them 
report  their  findings  in  a  short  report 

Falling  in  Air 

Single-Answer  Approach,  Teachers  can  ask  students  to  calculate  distance  fallen 
as  a  function  of  time  for  a  sphere  falling  through  the  air.  Students  can  look  in  the 
text  for  the  equation  for  distance  fallen  as  a  function  of  time  for  the  critical  param- 
eier». 

Investigation  Approach.  Teachers  can  suggest  a  simulation  of  the  Leaning 
Tower  of  Pisa  thought  experiment  posed  by  Galileo.  If  the  teacher  caii  provide  the 
height  of  the  tower  and  drag  factor  and  exi^n  how  the  diag  can  be  calculated,  stu* 
dents  can  generate  a  spreadsheet  that  allows  the  compariscm  of  the  distance  fallen 
versus  time  for  a  lead  sfhttt,  a  wooden  q)here,  and  a  sphere  in  the  absence  of  air. 
Students  should  generate  separate  columns  for  the  drag  fcxce  on  each  sphere  and 
the  ratio  of  the  drag  force  to  the  weight  of  each  object  Then  they  can  generate 
grq)hs  of  these  quantities. 

When  they  have  finished  the  Leaning  Tower  of  Pisa  spreadsheet*  students 
should  write  a  short  report  discussing  the  sizes  of  the  drag  force  on  the  two  objects 
^  and  the  reason  why  th.  vood  sphere  gets  to  the  ground  latw"  than  the  lead  sphere. 
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Figura  7.   Investigation  approach:  Fall  with  drag  force  spreadsheet. 


Propagation  of  Errors  in  Lab 

An  additional  use  of  spreadsheets  is  to  illustrate  the  consequences  of  variadons 
in  measured  values  that  are  inputs  to  a  calculation  in  lab.  The  teacher  sets  up  a 
spreadsheet  that  does  the  calculation  of  some  derived  value  from  measurements 
tKtually  made  in  the  lab.  The  teacher  can  have  students  explore  changes  in  the 
value  due  to  variations  in  the  inputs.  He/she  could  even  use  the  absolute  or  per* 
centagc  variation  in  the  measured  values  as  inputs  to  the  spreadsheet  The  teacher 
could  have  students  compare  the  results  from  the  spreadsheet  with  the  results  of 
the  formulas  taught  to  estimate  the  propagation  of  error  in  lab  calculations. 
Additional  ideas  for  use  of  spreadsheets  in  the  lab  can  be  found  in  a  recent  book  by 
Ouchi.7 

Clearlyt  the  examples  of  the  investigative  2q)proach  shown  here  are  a  departure 
from  the  typical  physics  problems  that  we  have  all  created  in  the  past  Creating 
these  investigations  can  lead  to  interesting  surprises,  even  for  relatively  jaded 
physics  professors,  lb  aid  in  these  efforts,  here  are  some  guidelines  for  creating 
investigations  in  physics  using  spreadsheets. 
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Guidelines  for  Developing  Physics 
Spreadsheet  Investigations 

1.  Itcrfiienh^^tothinkof  theq;)feadsheettaskasasim 

with  the  SHM  and  reladvistic  electron  examples  above,  teachers  should  try  to 
make  die  desired  result  an  input  Students  should  try  various  values  and  let  the 
q^readsheet  calculate  the  reqranse  of  the  system. 

2.  An  element  c{  whimsy  is  useful.  Sections  on  the  Dealer  shift  in  textbodcs 
refer  10  die  frequency  change  as  a  source  goes  by  an  observer,  yet  they 

di^  difierence  only  between  the  source  frequency  and  die  observed  frequency, 
somediing  not  directly  observable.  What  does  die  acbial  change  in  pitch  look 
likeonagnqph? 

3.  Students  should  break  down  calculations  into  terms  or  factors  that  are  calculat- 
ed in  separate  columns  or  rows.  The  net  result  can  be  cakulated  in  anodier  col- 
umn or  row.  This  makes  visible  die  interplay  of  contributions  of  various  terms 
or  factors  diat  previously  have  gone  unseen.  The  reduction  in  complexity  of  an 
equation  in  any  given  cell  will  reduce  die  frustrations  diat  result  from  the 
strange  hierarchy  spreadsheets  often  use  to  evaluate  the  expression  in  die  cell. 
The  confusion  everyone  has  with  multiple  layers  of  parendieses  in  long,  single- 
line  equations  is  also  reduced. 

4.  For  introductory  students,  uachers  should  keep  the  focus  in  spreadsheet  investi- 
gations on  expk)ring  die  physics  in  q>readsheet  investigations.  Teachers  should 
give  students  useful  calculational  tectsniques,  but  avoid  giving  several  to  calcu- 
late the  same  or  similar  things.  The  spreadsheet  should  be  a  tool  to  uncover  new 
ideas,  not  anodier  layer  of  complexity  to  learn.  Introducing  the  official  names  of 
these  techniques  is  not  necessary.  Later*  when  students  have  become  comfort- 
able widi  the  idea  of  using  the  spreadsheet  to  explore  physics,  teachers  can 
introduce  them  to  die  mediods  of  computational  physics  by  giving  diem  a  topic 
to  explore  that  dieir  normal  mediod  fails  to  handle.  Teachers  can  dien  suggest  a 
mediod  diat  ^-orks  and  give  names  to  bodi  diis  new  mediod  and  die  old  one  as 
die  class  cxptores  strong  and  weak  points  of  each. 

Dykstra  and  Fuller  have  a  number  of  additional  examples  of  investigations  diat 
make  use  of  these  guidelines  and  can  be  used  in  introductory  physics  classes.^ 

This  investigative  approach  to  using  spreadsheets  in  physics  instruction  has 
several  good  pdnts.  The  focus  can  be  maintained  on  di^.  physics  widi  less  obscur- 
ing approximation  and  more  emphasis  on  basic  relationships.  If  suidents  acquire 
the  h^its  portrayed  here,  diey  will  approach  future  problems  by  starting  widi  first 
principles  and  let  die  simulation  play  out  its  course  to  discover  what  will  happen. 
This  is  not  a  bad  method  Once  die  students  have  learned  diis  calculational  habit  of 
mind*  we  can  subdy  introduce  die  mediods  of  computational  physics  where  appro- 
priate. A  recent  book  by  Qrvis  contains  a  number  of  calculation  mediods  in  science 
^  engine^ng  for  ^[mdsheets.^ 

Finally*  I  add  a  WORD  OF  CAUTION.  Teachers  should  not  let  die  technology 
O  seduce  dicm  into  durowing  too  much  at  students  at  one  time.  Very  litde  learning 


Thompson  375 


goes  on  unless  students  have  a  stable  platform  from  which  to  learn.  If  too  much 
distraction  comes  from  the  mechanics  of  using  the  technology  (x-  it  is  unpredictable 
or  unreliable  for  any  reason,  then  they  do  not  have  a  stable  platform.  After  all,  the 
most  important  thing  is  for  students  to  come  to  a  good  understanding  of  physics. 
Computers  are  not  the  fundamental  issue.  They  should  hold  only  the  status  of  tools 
to  devek^  an  understanding  of  physics.  We  must  guard  against  training  our  sUi- 
dents  to  use  today's  computers  and  software  to  learn  physics.  Instead  we  should 
help  stL  Jents  to  understand  physics  and  to  use  technology  (the  computer,  in  partic- 
ular) as  a  tool  with  which  to  think. 
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Physics  Students 
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NC  27599  3255 


Computation  is  now  so  much  a  part  of  physicists*  work  that  it  is  important  for 
physics  students  to  become  familiar  with  computing  early  in  their  training.  We 
haven't  made  computing  instruction  straightforward  for  our  students;  we  often  pre- 
sent a  hi^hazard  potpourn  of  computing  topics  that  we  were  involved  in  as  gradu- 
ate students  or  that  are  drawn  from  our  cunent  research.  It  is  unusual  to  give  much 
thought  to  the  pedagogical  merits  of  the  materials  used  or  to  their  order  of  presen- 
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tatioiL  We  also  sddom  consider  the  balance  between  physics,  mathematics,  numer- 
ical analysis,  and  programming.  How  can  we  rem^  «y  this  deficiency  in  the  physics 
curriculum  and  provide  relevant  training?  Computational  physics  is  a  discipline 
that  melds  physics,  numerical  analysis,  and  computer  programming.  Unfortunately, 
there  are  few  published  materials  that  integrate  these  disciplines  in  a  balanced  way. 
If  yoa  wish  to  develop  an  introductcnry  computational  physics  course,  I  recommend 
the  following: 

1.  Be  inpq»red.  Your  training  is  in  physics;  donU  wing  it  on  .e  programming. 

2.  Provide  convenient  and  reliable  access  to  computers  for  both  teachers  and  stu- 
dents. 

3.  Do  a  little  computing  well,  rather  than  attempt  much  and  fail. 

The  course  developed  at  the  University  of  North  Carolina  at  Chapel  Hill  over 
the  past  decade  provides  understanding  of  basic  numerical  methods  in  the  physical 
sciences,  teaches  efficient  programming  styles,  and  gives  practice  with  real-world 
problems  within  students'  comprehension.  Students  who  t^e  this  course,  which  is 
required  for  undergraduate  physics  majors,  improve  their  understanding  of  how 
mathematics  integrates  with  physics  and  of  how  theoretical  physics  relates  to  data. 


AMuiticourse  Menu 

What  should  be  the  prerequisites  for  students  taking  an  introductory  computational 
physics  course?  The  level  of  the  physics  and  mathematics  included  in  our  course  is 
that  of  college  sophomores  and  juniors  for  whom  the  numerics  required  to  under- 
stand physics  is  becoming  sufficiently  complicated  and  laborious  so  that  students 
are  motivated  to  learn  how  to  compute.  Some  of  the  topics  are  also  suitable  for 
seniors  and  beginning  graduate  students,  because  of  the  mathematical  expertise 
required.  Previous  exposure  to  computer  use  through  ''computer  literacy**  courses 
and  some  introduct(Ky  programming  experience  are  desirable  prerequisites  so  that 
students  ^qnoach  the  novel  technology  without  uq)idation. 

Hie  science  must  be  well  integrated  into  the  course,  and  this  is  not  a  trivial 
problem.  A  big  hindrance  to  starting  a  computational  physics  course  is  the  scarcity 
of  resource  materials  integrating  physics,  numerical  analysis,  and  programming. 
Therefore  I  have  developed  a  broad  menu  of  topics  from  which  teachers  can  orga- 
nize iqypropriate  courses  (Table  1).  A  variety  of  topics  suitable  for  the  course  goals 
and  level  of  student  experience  is  shown  in  the  menu.  The  order  down  the  menu  is 
roughly  the  order  in  which  physics  students  acquire  mathematics  and  physics 
sophistication,  and  in  which  the  numerical  analysis  and  programming  skills 
required  also  generally  increase.  In  the  course  menu,  the  variety  of  topics  and  the 
range  of  physical  sciences  covered,  provide  enough  materials  for  at  least  two 
semesters,  although  our  course  usually  runs  for  one  semester. 

How  do  the  thr^e  columns  in  the  menu  interrelate  for  teaching  computational 
physics?  In  applied  mathematics  we  develop  elements  of  mathematics  underpin- 
ning the  numerical  analysis  required  in  computational  physics.  I  don't  assume  that 
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Table  1 


Menu  for  Introducing  Computation  to  Physics  Students 


Applicable  Math 

Complex  numbers  and 
exponentials 


Power  series  expansions 

Numerical  derivatives  and 
integrals 

Curve  Htting 

Least  squares  principle 

Monte  Carlosimulation 

Fourier  expansions 

First-order  differential  equa- 
tions 

Second-order  differential 
equations 


Applicadon/Development 

Complex  plane;  basis  of 
FFT;  phase  angles  and 
vibrations 

Pracdcal  uses  of  expansions; 
binomial  approximation 

Richardson  extrapolation; 
rouTKlofif  and  truncation; 
trapezoid  and  Kin^son  rules 

Cubic-spline  fits 

Random  number  generadon; 
Monte  Carlo  integration 

Discrete  transforms,  series, 
integrals;  windows;  FFT 

Logs  and  decibels;  logisdc- 
growth  curve 

Catenaries;  resonance;  solv- 
ing sdff  DEs 


Compudng  Lab  Examples 

Conversion  between  polar 
and  Cartesians 


Realistic  convergence; 
inimerical  noise 

Electric  potentials;  comput- 
er graphics 

Inteipoladon 

Radiocarbon  dadng 

Round  off;  entropy; 
radioacdvity 

Fourier  analysis  of  EEC 

World-record  sprints;  war 
games 

Ammonia  resonance; 
Keplex  orbits 


these  topics  have  been  covered  in  mathematics  courses  because  such  an  expecta- 
tion is  contrary  to  my  experience  and  because  the  physics  context  provides  a  differ- 
ent viewpoint  Practicing  physicists  are  often  tempted  to  forego  the  mathematical 
and  numerical  analysis  developments  and  to  get  to  the  heart  of  the  physics  by  using 
numerical  recipes.  Having  seen  many  woeful  examples  in  research,  I  am  convinced 
that  early  training  that  fails  to  develop  an  understanding  of  the  analysis  and  an 
intuitive  awareness  of  the  limitations  of  recipes  is  inappropriate.  There  is  a  tenden- 
cy foi  computational  i^iysics  courses  to  overreach  the  student's  conceptual  level 
and  to  confuse  an  ability  to  program  calculations  with  the  maturity  to  und^tand 
results. 

Physicists  otien  stress  high-level  and  theoretical  physics  when  selecting  course 
lofics  in  computational  physics  because  we  still  have  the  notion  that  computers  are 
research  instnunents  rather  Uian  tools  in  a  technological  society.  Few  students  in 
und^graduate  fdiysics  courses  will  become  research  physicists,  so  let's  provide 
apprq»iate  learning  experiences. 

Matching  materials  to  the  students*  level  can  be  straightforward.  For  example, 
at  the  introductory  level,  the  conversion  between  plane  polar  and  Cartesian  coordi- 
^     nates  has  applications  to  the  complex  plane  and  to  graphics,  but  the  programming 
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is  tricky  because  of  the  quadrant  ambiguity  in  going  from  Cartesian  to  polar  coor- 
dinates. At  the  intermediate  level,  least  squares  is  not  only  useful  for  fluing  data 
but  is  the  basis  of  Fourier  expansions.  At  a  mote  advanced  level,  efficient  algo- 
rithms for  numerical  sdution  of  differential  equations  have  many  applications. 

Many  of  the  developments  and  computing  projects  in  the  menu  relate  to  data 
analysis.  Examples  are  spline  fitting  and  least-squares  fits  of  radiocarbon  data  from 
Egyptian  antiquities.  Such  an  emphasis  is  worthwhile  in  an  introduction  to  compu- 
tation in  physics  for  several  reasons: 

1.  It  is  useful  for  students  to  understand  computer-based  data-analysis  methods 
that  they  should  be  starting  to  apply  in  experimental  labs. 

2.  Data  analysis  is  a  primary  activity  of  both  pure  and  applied  physics,  so  it  is 
important  to  illustrate  completely  new  data-manipulation  modalities  that  com- 
puting speed  and  logical  complexity  make  possible.  Examples  are  cubic  splines 
and  the  FFT,  both  of  which  would  be  tricky  and  laborious  if  attempted  without 
computers. 

3.  Analysis  of  data  provides  many  opportunities  to  connect  formalism,  numerics, 
and  physics.  For  example,  the  Fourier  transform  of  an  ammonia  inversion  spec- 
trum between  frequency  and  time  domains  helps  develop  the  concept  of  com- 
plementiirit;'  before  it  is  encountered  in  quantum  mechanics. 

One  way  to  introduce  computation  in  an  undergraduate  physics  curriculum  is  to 
include  it  in  a  laboratory  course,  perh^s  by  paring  away  some  of  those  nineteenth- 
century  mechanics  and  electromagnetism  experiments  that  are  of  doubtful  peda- 
gogical value  in  the  late  t*;/cntieth  century. 

Computing,  Programming,  and  Coding 

Since  one  goal  of  o  ir  course  is  to  teach  clear  programming  methods,  it  is  important 
for  instructors  to  mauikUn  a  clcu  uisunction  among  computing,  programming,  and 
coding.  For  physics  these  should  form  a  nested  heirarchy.  The  overall  activity  is 
computing,  which  begins  with  physical,  mathemidcal,  and  numerical  analysis  of  a 
problem,  from  which  an  algorithm  for  its  solution  is  developed.  Then  comes  the 
programming  needed  to  specify  this  algorithm  for  compute  calculation.  What  out- 
put should  the  program  produce,  and  what  input  is  needed  to  do  this?  To  link  input 
to  output  requires  a  programming  language  to  implement  this  program  plan. 
Finally  comes  coding,  which  includes  documenting  and  testing  the  program. 

One  aim  of  an  introductory  computing  course  should  be  to  train  sUidents  so  that 
they  will  not  attempt  fo  jump  straig^it  from  the  physics  to  the  coding:  'Think  for  a 
minute,  code  for  an  hour,  debug  for  a  day.**  If  we  emphasize  appropriate  numerical 
analysis,  algorithms,  and  program  specification,  the  coding  steps  of  building  and 
testing  become  more  direct  and  less  painful.  Program  organizational  aids,  such  as 
pseudocode  outlines  and  templates,  modularity  through  subroutines  or  procedures, 
and  consistent  code  layout  and  documentation,  are  all-important. 
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How  much  should  an  introduction  to  computation  in  physics  rely  on  software 
packages  and  how  much  sweatware  should  the  student  expend?  I  suggest  that  the 
balance  should  depend  on  the  depth  of  the  course,  mJti  once-over*lighdy  courses 
being  package  oriented,  and  courses  primarily  for  hard-core  physics  majors 
emphasizing  quite  detailed  program  writing.  For  computer  graphics,  I  am  con- 
vinced that  those  who  will  later  make  serious  use  of  graphics  should  go  Um)ugh  the 
efTort  of  understanding  a  simple  graphics  program,  even  if  they  don't  write  it  them- 
selves. My  example  is  usually  printer-character  graphics  in  a  display  matrix,  allow- 
ing only  very  low  resolution  but  conceptually  the  same  as  bit-'  'itp  graphics.  We 
provide  a  simple  source  program,  then  suggest  improvements  for  increased  ele- 
gance. Matrix^manipuIaUon  algorithms  and  package&are  topics  I  have  not  attempt- 
ed, because  the  best  algorithms  (especially  for  matrix  inversion  and  eigenvalues) 
are  usually  beyond  the  mathematics  sophistication  of  undeigraduate  physics  stu- 
dents. If  we  ovc^mphasize  the  use  of  packages  in  teaching  computational  physics, 
we  will  rapidly  produce  young  physicists  with  the  ability  to  use  programs  but  no 
ability  to  compute. 


Practical  Course  Design 

The  prerequisites  for  designing  an  introductory  course  in  computational  physics 
are  hardware,  software,  knowledge,  and  time.  In  our  classes  at  Chs^l  Hill  we  usu- 
ally have  about  25  sophomores  and  juniors,  so  it  is  feasible  to  provide  open  access 
to  a  half-dozen  microcomputers.  Wc  have  also  run  the  course  witli  terminals  con- 
nected to  the  mainframe,  using  both  batch  and  interactive  computation.  The  com- 
puter-memory requirements  are  modest,  with  about  5,000  words  being  sufficient 
Input-output  needs  are  also  minimal  O^eyboard,  monitor,  and  printer).  The  software 
required  is  very  simple,  needing  an  efficient  editor  and  a  good  compiler  of  the  lan- 
guages used.  Compiler  speed  is  not  always  an  advantage,  since  speed  (^courages 
the  student  to  correct  program  errors  a  line  at  a  time,  whereas  what  students  often 
need  to  do  is  to  redesign  the  program  or  to  rethink  <  *  physics. 

What  knowledge  should  a  teacher  of  computational  physics  have?  A  familiarity 
with  numerical  analysis  and  computation  in  physics,  at  least  through  the  level  of 
topics  in  undergraduate  physics,  is  necessary.  The  teacher  should  also  have  at  least 
one  year's  experience  in  the  programming  langu  as  well  as  experience  with  the 
computer  system  used.  A  graduate  teaching  assistant  can  be  a  help,  but  should  not 
be  a  substitute  for  a  well  prepared  faculty  member. 

The  time  devoted  to  tiie  course  is  an  important  consideration,  since  computa- 
tional physics  does  not  yet  have  its  own  niche.  In  our  full-scale  one-semester 
course,  which  also  introduces  some  mathematical  physics  topics,  about  two  hours  a 
week  are  used  for  applicable  mathematics,  applications,  and  developments. 
Another  two  hours  a  week  are  spent  in  a  computing-lab  discussion  session  to  dis- 
cuss algoritiims,  programming,  and  practical  debugging  strategies.  None  of  this 
time  is  spent  sitting  at  computers,  since  the  hands-on  work  is  done  as  homewodc. 
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Flexible  o&ice  hours,  about  IS  minutes  per  student  each  week,  are  needed  to  help 
answer  physics  and  coding  questions.  A  low-scale  computation  course  could  run  in 
two  hours  a  week  of  formal  instruction  if  the  emphasis  were  on  algorithms  and 
programming  and  if  extensive  use  was  made  of  reliable,  well-documented  pack- 
ages. 

Cburse  credit  should  not  emphasize  formal  correctness  of  programs.  Credit 
shoukl  also  be  given  for  clarity,  originality,  and  explcmtion.  A  major  power  of 
expkmiocy  computer  e?q)eriments  is  that  they  sekfcm  go  out  of  control  Students 
should  be  encouraged  to  learn  physk:s  from  their  conectly  executing  programs, 
constravjed  by  the  models  used.  For  this  reason,  it  is  useful  at  this  level  to  choose 
computing  problems  with  limiting  analytical  solutions  and  for  students  to  include 
these  in  their  programs  as  test  cases. 

In  my  heirarchy  of  computing,  im>gramming,  and  coding,  I  place  choosing  a 
language  at  a  fairiy  tow  level.  Over  the  decade  of  our  ccrvse  development  we  have 
run  the  gamut  from  interpreted  BASIC  to  FORTRAN  and  Pascal.  I  think  that 
BASIC  is  suitable  only  to  establish  a  student's  mppoti  with  computers,  because  it 
encourages  undisciplined  programming  habits  and  is  therefore  a  poor  choice  for 
scientists  who  will  have  to  write  or  modify  programs.  Pascal  denumds  mental  rigor, 
so  that  an  executable  program  is  often  the  program  you  intended,  but  Pascal 
experts  can  write  dense  and  obscure  code  that  is  difficult  for  others  (or  themselvei^ 
six  months  later)  to  understand.  In  FORTRAN  it's  easy  to  be  undisciplined  and 
executable  pn^grams  are  easy  to  produce,  but  correct  programs  are  much  more  dif- 
ficult I  sometimes  teach  Pascal  and  FORTRAN  in  parallel,  especially  if  many  in 
the  class  have  used  Pascal  in  an  introductory  pn^gramming  course.  Because  I  don't 
have  a  strong  preference  between  the  two  languages  at  this  level,  I  provided  sam- 
ple programs  in  both  Pascal  and  FORIRAN  vhen  I  wrote  an  inooductory  textbook 
for  computational  physics.  Computing  in  Applied  Science  (John  Wiley,  1984).  I 
have  not  tried  C  language,  but  its  features  may  not  be  much  used  at  this  level  In  a 
course  emphasizing  data  analysis,  it  might  be  interesting  to  use  the  date  structures 
available  in  Pascal  or  C,  but  not  in  FORTRAN. 

Sample  Projects 

I  now  briefly  describe  sample  projects  from  our  introductory  computational 
physics  course.  In  the  first  project  radiocarbon  dates  of  Egyptian  antiquities  are 
compared  with  their  historical  age«  The  radiocarbon  dating  scale  is  subject  to  varia- 
tions because  of  the  fluctuating  ^^/l^C  ratio  in  atmo^beric  CO2.  A  straight-line 
least-squares  fit  of  the  radiocart)on  age,  r,  against  the  historical  age.  A,  provides  a 
calibration  fix''  the  former.  The  algorithm  derived  for  this  project  is  unusual  because 
it  aUows  for  errors  in  both  variables.  For  example,  a  fair  estimate  is  Ah  ^10  years 
(half  a  lifespan  in  ancient  Egypt)  and  ^  s:  45  years  (the  precision  of  radiocarbon 
dates  for  artifacts  about  4000  years  old).  Under  the  i()proximation  that  the  ratio  of 
errors  at  each  dauun  is  fixed,  it  is  simple  to  derive  the  formula  for  the  least-squares 
line  and  it  has  the  intuitive  appeal  that,  in  the  space  (h/Ah,  r/Ar),  one  minimizes  the 
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peipendicular  (listanc^^  between  date  and  line  rather  than  the  vertical  distances  of 
conventional  least  squares.  Also,  the  slope  of  r  on  A  is  the  reciprocal  of  the  slope  of 
A  on  r.  The  least-squares  line,  r  -  -140  -f  0.80  K  indicates  that  in  the  Nile  Valley 
radiocarbon  time  seems  to  pass  about  20  percent  slower  than  historical  time.  The 
classes*  attempts  to  understand  this  result  have  lead  to  discussions  of  fluctuations 
in  atnx)q)henc  CO2  ^imI  of  the  origins  of  atmoq>heric  radioactivity. 

The  second  sample  project  illustrates  our  goal  of  using  computation  to  give 
insight  into  physics.  T!ie  concepts  underlying  tiansformations  between  representa- 
tions, such  as  frequency  and  time,  are  important  to  develop  as  background  to  quan- 
tum physics.  Fburier  transform  spectroscopy  of  the  ammonia  inversion  resonance 
is  a  pedagcgically  rich  examine,  because  it  also  relates  to  the  mechanics  of  forced 
oscillations  and  resonance.  A  Lorr  iizian  resonance  line  shape  in  the  frequency 
domain  tnnsforms  into  an  exponential  decay  in  tiie  time  domain.  Use  of  the  FFT 
algorithm  to  transform  discrete  data  forms,  the  computation  part  of  this  piojcct  I 
avoided  introducing  the  FFT  until  I  devised  a  clear  way  of  visualizing  it,  so  I 
developed  a  complex-plane  representation  to  show  the  basis  of  subdivision  strate- 
gy, which  lies  at  the  c>re  of  the  FFT  algorithm.  The  programming  in  this  project 
stresses  the  importance  of  an  efficient  and  clear  algorithm,  but  one  with  tricky 
logic  that  is  more  suitable  for  computer  chips  than  for  human  wits. 

Rewards 

A  course  introducing  physics  students  to  computation  can  be  very  rewarding  for 
students  and  teach.:  s»  though  it  is  often  time  consuming  and  laborious.  I  have 
found  that  the  students  relate  the  formal  mathematics  to  physics,  and  they  learn 
how  to  program  efHciently.  They  also  appreciate  the  pitfalls  of  computing  and  the 
important  distinction  between  algorithms,  programming,  and  coding.  The  integra- 
tion of  mathematics  and  numerics  with  physics  greatly  enhances  their  understand- 
ing of  each  fidd.  Above  all.  in  an  introductory  computational  physics  course  it  is 
important  for  both  teachers  and  students  to  be  aware  that  the  purpose  of  computing 
is  insight.  no<  numbers. 
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Spreadsheets  in  Research  and 
lnstructior^ 

Charles  W.Mtener 

Dtf  rtmm  €f  Physics  and  Astronomy.  Ufwers'tty  cf  Maryland,  College  Park,  MD  20742 


The  cambmed  cmpuuuion  and  graphics  power  cf  spreadsheets  like  Lotus  1*2-3 
and  Microsoft  Excel  allows  for  quick  and  conrfortable  exploration  of  solutions  to 
ordinaiy  d^erenUal  equations  and  more.  This  tool  finds  applicaibn  at  many  lev- 
els  from  research  through  nonspecialist  physics  instruction. 

Spreadsheet  Examples 

Before  describing  the  fdvantagc&«  disadvantages*  and  applicability  of  spreadsheets 
in  general*  I  will  try  to  build  a  bit  of  common  background  by  presentinf  three 
examples,  Hieae  examples  are  called  worksheets*  That  is  the  common  usage  to  dis- 
tinguisdi  the  appUcatkxi  or  worksheet  (the  user  program)  from  the  commcttial  pro- 
gram (cocnpiler  or  interpreter)  that  makes  it  run,  whkh  is  here  v  spreadsheet  The 
best  kr/own  spttsO^hcc^  are  Lotus  /  *  5,  the  current  standard,  and  YtsiCalc,  the 
gretritd-bieaking  invention.  The  worksheet  files  whose  operation  is  descnbed  here, 
may  be  downloaded  from  the  aapt  computer  bullietip  board  (301*454-2086, 1200 
and  2400  baud)  as  the  flle  XPLMSNR.ARC**  which  will  expand  (using 
-ARCE.COKT  tha^  you  also  download)  into  the  three  "•.WKP  files  I  now 
describe. 


Radioactive  Decay 

The  first  example  is  a  worksheet  with  the  filename  "CH  ANCE.WKr  that  provides 
a  sin^iple  stmulatkm  of  the  decay  of  a  single  radioactive  nucleus.  Constructing  the 
main  part  of  this  woricsheet  is  a  suitable  assignment  for  nonscicnce  students  in  the 
first  weeks  (rf  an  introductory  course  while  they  are  leaniing  to  use  a  spreadsheet 
Screen  1  diows  die  principal  part  of  this  worksheet  The  thecvy  it  incorporates  is 
that  at  each  discrete  time  step  (counted  in  column  a)  the  nucleus  has  a  fixed  proba- 
bility (chance  «  10  percent)  of  decaying.  A  random  number  L>  produced  in  c  Mumn 
B,  and  the  first  time  this  number  is  less  than  10  percent,  the  state  of  the  nucleus 
(column  C)  changed  from  1  (undecaycd)  to  0  (decayed).  A  f  xmula  in  cell  B4  (col- 
umn B»  row4)  calculates  the  sum  of  all  the  numbers  in  colwan  C  (after  the  firstl  in 
cell  CIO)  io  find  the  nuniber  of  time  steps  elapsed  before  the  decay.  Pressing  the 
Calc  key  ((^  in  I^/itf  i-2-5)  produces  a  new  set  of  random  nunibers  to  rq)e^ 
numerical  experiment  Alter  constructing  this  woricsheet,  then,  students  can  easily 
collect  dat^  on  dozens  of  repetitions  of  this  theoretical  model  of  radioactivity.  They 
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Clt:  •mC10«0,0,«IF(lll>|CUICK,l,0))  EDIT 
•IFCC10-0,0,fIF(Bll>|A|6»l,0)) 

ABC  » 

1  SiMUt«4  Rft4i0KtiT« 

2  fkju  499r 
3 

4  lif«tiM:  % 
S 


<  0.1  ■  cUac«  (probAbilitf  tf  4«c«y) 

7  2  ■  m  iMter 

3 

3     tlM  step  nad  mm  staU 

10  0  1 

11  1      0.S41  1 

12  2      0.663  1 

13  3      0.699  1 

14  4      0.644  1 

15  S      0.7S3  1 

16  6      0.031  0 

17  7      0.944  0 

18  3      0.767  0 

19  9      0.377  0 

20  10      0.096  0 


04-Air83    13:0$  f%  CIIC 


ScrMR  1.  The  main  screen  from  "CHANCE.WKI*  which  modds  the  proba- 
bilistic decay  of  a  single  nucleus  in  a  number  of  discrete  time 
stef>s.  The  top  line  of  the  screen  shows  the  contents  of  the  current 
cell  (where  a  highlight  would  show  on  an  actual  screen).  Because 
the  Edit  key  has  been  pressed  ((f2] in  the  second  line 

redisplays  this  information  for  possible  modification,  but  trans- 
lates named  cell  references  into  their  row  and  column  designa- 
tion. 


can  see  that  lifetimes  very  much  difTerent  from  the  average  arc  not  at  all  uncom- 
mon according  to  this  theory,  and  they  may  suspect  that  experiments  could  tell 
whether  this  theory  is  better  than  a  more  classicJ  decay  theory  that  might  govern^ 
for  instance,  how  long  a  watch  battery  las^s.  Thi  In  ;vklition  to  learning  how  to 
use  a  spreadsheet,  students  a  couple  of  weeks  irtto  *. '  first  physics  course  have  a 
chance  to  see  physicists'  ways  of  seeking  evidence  for  a  remarkable 
assertkm— that  purc  probability,  bee  of  all  memory  of  antecedent  provocations, 
may  govern  some  aspects  of  the  microscopic  workL 

This  woricsheet  is  simple  enough  that  it  can  be  constructed  (programmed)  dur*^ 
ing  a  short  lecture,  or  reconsuucted  by  the  reader  who  has  a  q)readsheet  [Hogram 
available*  A  worksheet  not  ve^  differcnt  from  screen  1  can  be  constructed  by 
entering  formulas  or  labds  L-to  nine  cells  and  completing  one  /Copy  command  as 
codified  in  listing  1,  wLich  we  now  expla*n.  The  step-by-stq)  procedure  that  this 
listing  abbreviates  is  as  follows: 
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A6:  0.1  B6: 
B9: 

Bll: 
Bnn: 
E70: 

A4:  ^lifetime: 
B4: 


chance 
rand  num  C9: 
CIO: 

BRAND  Cll: 
Cnn : 

eRAND  C70 : 

9SUM(C11.  .C70) 


^state 
1 

eTF(bll>$A$6,l,0) 
8IF(B70>$A$6,1,0) 


Uating  1.  A  beginning  in  the  conatruction  of  the  radioactive  decay  work- 
aheet  The  cella  in  the  range  B12..C70  are  filled  by  copying  the  pair 
of  cella  B11..C11,  buc  the  other  nine  cella  are  filled  by  aimply  mov- 
ing the  cell  pointer  to  each  cell  in  aucceaaion  and  typing  the 
appropriate  content  that  followa  the  colon  after  the  cell  addresa  in 
the  liat  above. 


A6:  Using  the  cursor  keys  (or  mouse)  move  the  cell  pointer  (highlight)  to  cell  A6 
and  ttcn  type  the  three  charactos  "^.l*"  without  the  surrounding  quotation 
marks.  As  you  type,  the  characters  will  appear  on  the  top  line  of  die  screen  (in 
Lotus  1-2-3;  booom  line  in  some  clones)  and  you  can  correct  typing  errors 
using  the  iBactapacol  key.  When  you've  got  it  right,  press  and  the  number 
wiU  iqppear  on  the  worksheet  in  ceU  A6  as  desired  This  number  can  be  c^ 
at  any  time  by  repeating  this  procedure.  Be  sure  that  you  do  not  include  any 
leading  or  trailing  spaces  in  numeric  cell  entries. 

B6:  Move  die  cell  pointer  to  cell  B6  and  enter  the  characters  ""^chance**  there.  (To 
enter  something  means  to  type  it,  followed  by  a  press  of  the  [P]  or  [Return  I) 
The  double-quote  character  is  insurance  against  your  qxeadsheet  inteiiHet* 
ing  die  equal  character  as  the  b^inning  of  a  formula  that  woukl  coiifuse 
die  q)readsheet*s  cakulator  cs4)abilities.  It  means  diat  the  foltowing  characters 
are  just  text  to  be  di^layed  at  this  kx:ation. 

B9:  Enter  die  characters    rand  num**  in  this  cell. 

C9:  Enter  the  characters  ""state**  here.  A  further  effca  of  the  "*'**  double-quote 
character  is  seen  here.  It  not  only  identifies  die  entry  as  a  label  (text),  but  also 
causes  it  to  be  right  justified  wiUiin  its  cell  when  diere  is  room  to  spare. 

CIO:  Enter  die  smgle  digit  "1**  here.  This  is  die  inidal  condition  diat  says  we  are 
starting  out  widi  a  nucleus  diat  has  not  yet  decayed. 

Bll:  Here  enter  die  characters  '^rand**.  This  instructs  die  ^Hcadsheet  to  assign  to 
diis  cell  a  numerical  value  diat  is  a  (pseudo*)random  number  between  0  and  1. 
The  initial  character  ""©**  is  die  q)readsheet's  clue  to  search  its  library  of  built- 
in  functions  when  evaluating  this  formula.  In  our  simulation,  this  cell  rq)resents 
die  initial  "throw  of  die  dice**  diat  calls  upon  pure  chance  to  decide  whedier  die 
nucleus  is  to  decay  or  not  during  diis  time  step. 
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Cll:  Here  enter  •*@IF(Bll>$A$6,l,or.  As  always,  no  spaces  arc  allowed  any- 
where in  a  formula  or  number,  but  lowercase  is  equivalent  to  iqqpercase.  The 
built-in  @IF  function  checks  the  condition  (herc  Bll>A6t  which  tests  whether 
the  random  number  in  celi  B 1 1  on  this  row  is  grcat^  than  the  odds  we  specifled 
in  cell  A6)  and  yields  die  following  aigument  (herc  1,  the  undecayed  state)  if 
the  coTiuAucn  was  true,  otherwise  it  yields  the  flnal  argument  (herc  0,  the 
decayed  state).  The  dollar  signs  in  $A$6  have  no  effect  herc,  but  arc  important 
for  the  copy  step  that  follows. 

B12..C70:  Everything  preceding  this  could  be  done  with  a  hand  calculator  or  a 
typewriter,  except  for  keeping  it  together  on  a  single  active  page.  But  this  copy 
stq)  really  saves  time.  Move  the  cell  pointer  to  cell  Bll  and  call  up  the  spread- 
sheet's  main  menu  (in  Lotus  1'2'3  and  most  other  VisiCalc  progeny  this  is  done 
by  pressing  the  solidus  or  fraction-slash  key  "/"O.  Select  the  /C6py  command 
by  dther  pressing  C  or  by  moving  the  highlight  to  Copy  an^  pressing  Enter. 
You  wiQ  be  asked  where  to  copy  firom;  respond  by  moving  the  cell  pointer  so 
that  it  covers  both  cells  Bll  and  Cll,  then  press  Enter.  (That  procedurc  is 
called  pointing  to  a  njige  of  cells.)  You  are  now  asked  where  to  copy  to; 
respond  this  time  by  typing  the  edge  of  the  target  range  which  is  B12..B70.  (To 
do  this  second  part  by  pointing,  press  the  Help  key,  F1  in  Lotus  1-2-3,  and  ask 
about  pointing  to  ranges  to  leam  the  further  clues  you  need.)  When  you  press 
the  Enter  key  to  complete  the  speciflcation,  columns  B  and  C  will  be  filled  with 
the  appropriate  formulae. 

A4,  B4:  To  summarize  the  computations,  not  all  of  which  arc  visible  on  the  screen 
at  one  time,  enter  the  contents  shown  in  the  listing  for  these  cells.  The  built-in 
esUM  function  adds  all  the  numbers  in  any  list  of  cells  and  blocks  of  cells. 

Note  that  much  of  the  bulk  in  this  d''*^jled  prescription  is  first-time  learning  of 
some  basic  spreadsheet  skills  such  as  entering  text  and  formulas  and  using  the 
/Copy  command  After  just  a  small  amount  of  practice,  students  And  a  listing  just 
as  useful  and  much  briefer  than  such  a  key-by-key  prescription.  In  listing  the  use 
of  the  /Copy  command  is  indicated  by  the  row  of  ellipses  ". . 

Now  that  we  have  a  worksheet  model,  does  it  do  what  we  intended?  Concurrent 
debugging  is  one  of  the  important  attractions  of  spreadsheet  programming. 
Depending  on  the  luck  of  the  dice,  the  first  screen  display  from  this  worksheet  may 
have  shown  anomalies,  or  the  user's  suspicions  may  not  have  been  aroused  until 
half  a  dozen  successive  lifetimes — the  Calc  key,  (^,  gives  a  fresh  nin — were 
rcported  as  over  40  when  an  average  10  was  expected  Therc  is  no  necu  to  leam 
how  to  U!ic  3  separate  debugging  program;  just  pressing  fPoonl  and  inspecting  the 
later  time  stq).^  of  almost  any  run  of  this  program  will  show  the  problem.  The  logic 
in  cell  Cll  that  does  the  first  step  is  not  adequate  for  later  steps:  a  nucleus  cannot 
undecay.  The  cure  is  to  change  the  formula  in  cell  Cll  to  that  shown  at  the  top  of 
screen,  namely  CI  1:@IF(C10=0,0,@IF(B11>$A$6,1,0)) . 

The  togic  for  this  in  Pascallike  pseudocode  would  be 
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IF  dead 

THEN  stay  dead 
ELSE    IF  beat  the  odds 
THEN  alive 
ELSE  dead. 

After  conecting  this  formula  it  is,  of  course,  necessary  to  copy  it  down  trte 
remainder  of  the  colun^n. 

By  inq)ecting  the  column  of  copied  formulas,  you  will  see  that  the  /Copy  com- 
mand by  default  treats  cell  addresses  as  relative  addiv^sses,  so  tliat  if  the  model  line 
uses  the  random  number  in  the  same  line  to  evaluate  (he  @IF  statement,  every 
copy  also  uses  the  random  nun^ber  in  the  cell  to  its  left  This  is  the  appropriate 
treatment  for  variables  that  change  in  every  row  to  keq)  current  For  constants, 
however,  one  wants  io  reference  the  same  cell  in  every  copy  of  the  formula.  To 
mark  a  reference  as  a  constant  Lotus  J -2-3  requires  that  one  prevent  adjustment  of 
the  TOW  and  column  addresses  in  copies  by  marking  them  with  $-sign  prefbces  as  in 
$CHANCEj$A$6. 

By  completing  t  e  preceding  instructions,  students  learn  enough  to  make  a 
spreadsheet  a  practical  tool,  and  see  how  little  programming  overhead  is  required 
to  give  themselves  enough  computational  power  to  solve  differential  equations 
before  they  study  calculus.  A  spreadsheet  offers  many  other  conveniences  that 
good  sUideu^  will  learn  in  the  course  of  a  semester,  such  as  naming  variables, 
inserting  TKtw  rows  and  columns,  or  moving  blocks  of  woiicing  code,  and  printing 
formula  listings.  The  only  essential  we  have  not  described  is  graphing,  which 
amounts  to  calling  up  the  /Gr^h  menu  and  pointing  out  which  column  is  to  be 
plotted  against  which  as  y  versus  x. 

The  distributed  file  XHAMCE.WKr  contains  additional  computations  that 
would  be  used  as  lecture  demonstrations  rather  than  student  homework  assign- 
ments in  early  weeks  of  ari  introductory  course.  LoUis  7-2-5  and  its  clones  contain 
a  /Data  Table  command  that  will  run  the  woricsheet  many  times  (and  when  appro- 
priate, with  a  specified  list  of  input  data)  and  repM  desired  results.  Here  this  com- 
mand will  make  a  table  showing  the  lifetimes  realized  in  a  few  hundred  runs  of  the 
decay  simulation,  providing  data  for  a  statistical  analysis.  The  /Data  Distribution 
command  wilt  sort  this  data  into  bins  for  a  histogr'^m  plot,  which  can  be  then 
graphed  as  shown  in  Figure  1  along  with  an  easily  computed  contii^uum-limit  theo- 
ry for  the  expected  average  behavior. 


Simple  Pendulum 

This  n^xt  example  is  the  woricsheet  "SIMPLPEN.WKl"  that  solves  for  the  motion 
of  a  simple  pendulum  (point  mass  on  the  end  of  a  light,  rigid,  pivoted  rod).  It  is  in 
the  form  that  would  be  impropriate  for  a  homework  assignnent  in  a  calcu%-based 
introductMy  physics  course  for  engineers  and  scientists  a  couple  of  months  into  the 
first  t^n  after  several  dynamics  problems  have  been  solved  using  sjveadsheets  in 
previous  assignments.  One  assumes  that,  from  previous  assignments,  students  have 
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Simulated  Radioactive  Decay 

C)cp«ct«d  d«cay«  from  Mpontntiol  low 


(tocoyt 


Time  — > 

  txpoctvd  d«coy« 


Fi^ura  1.  Histogram  of  the  lifetimes  realized  in  200  runs  of  the  radioactive 
decay  simulation,  compared  to  the  average  behavior  expected  in 
large  numbers  of  runs 
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SarMii  2.  A  simple  pendulum  model  as  prasanted  to  students.  The  familiar 
formulas  are  given,  as  wall  as  column  (and  graph)  lab<dla  and  an 
I/O  araa  whara  tha  oonUolling  paramatars  ara  displayed  in  an 
orderly  way  Tha  new  physios  In  tha  torque  and  anargy  columns 
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moderate  skills  in  using  spreadsheets,  and  that  they  have  previously  constructed 
complete  worksheets  to  solve  for  one-dimensional  motions  of  masses  subject  to 
faces.  Thus  ihey  are  given  a  nearly  complete  worksheet  as  shown  in  screen  2  with 
only  the  new  physics  left  for  them  to  complete. 

This  pendulum  example  illustrates  that  the  use  of  spreadsheets  (or  other  pro- 
gramming languages)  by  students  may  reduce  the  cakulus  skills  required  but  does 
not  rq)Iace  analytical  physics  reasoning.  To  complete  this  assignment,  the  student 
must  still  have  learned  to  sketch  the  geometrical  (kinematic)  desaiption  of  the 
apparatus  and  to  relate  it  to  a  finee  body  diagram  of  the  forces  in  play.  Here  the  two 
foxes  acting  on  the  point  mass  are  a  gravitational  fcMce  Mg  acting  downward  and 
an  unknown  tension  force  7  acting  toward  the  pivot  point.  The  strategy  of  using 
T=Ia  instead  of  F  =  Afa  to  obviate  an  evaluation  of  the  tension  force  is  implicit  in 
the  given  spreadsheet  outline,  but  should  be  discussed  explicitly.  Students  will 
have  to  use  paper  and  pencil  to  find  the  torque  formula 

T  =  Mi'  sin  e)Mg 

and  the  moment  of  inertia  /  =  AfL^  and  to  solve  for  the  angular  acceleration 
ct  =  ~(g/Osin  6,  as  well  as  the  corresponding  energy  formula.  When  these  arc 
entered  into  the  spreadsheet  and  copied  down  their  appropriate  columns,  the  com- 
pleted spreadsheet  described  by  Listing  2  will  result 

Students  must  be  taught  not  only  to  construct  spreadsheets  to  solve  physics 
pi'oblems,  but  also  to  use  them  to  explore  how  well  they  model  the  real  world. 
Here  they  encounter  an  entirely  different  (and  better)  idea  of  what  it  means  to 
"solve  a  problem."  The  solution  is  no  longer  a  simple  number  or  algebraic  cxprcs- 


Tine 

Angle 

Ang.Vel 

AngJlccol 

to: 

0 

^1/2: 

Qq: 

-(g/L)  sin^o 

U: 

to  +  dt 

^3/2: 

^1/2  +  Ql  dt 

Qi: 

-(g/L)sin^i 

Listing  2.  This  shows  the  essential  formulae  for  solving  the  differential 
equation  for  the  pendulum  motion.  It  corresponds  to  rows  21 
through  23  in  Screen  2,  columns  B  through  E.  (The  contents  of 
input  cells  and  their  labels  are  evident  from  screen  2.)  The  foimat 
of  this  listing,  called  a  "schema/  differs  from  listing  1  in  that  it 
uses  mathematical  notation  and  expects  students  to  translate  to 
the  detailed  syntax  of  their  spreadsheets.  Each  cell  that  is  not  just 
a  label  shows  first  the  mathematical  quantity  stored  there  and 
then,  after  a  colon,  the  formula  h  which  it  is  computed  (which 
students  must  enter  into  the  wor'^heet).  The  last  row  is  copied 
down  many  times  to  solve  the  differential  equation,  and  constants 
that  must  be  mark  .d  for  absolute  addressing  during  this  copy  pro- 
^  cess  are  shown  in  bold. 
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sion  that  could  evaluate  to  a  number.  The  solution  is  a  working  theoretical  model 
of  the  target  physical  system. 

Physics  teachers  used  to  imagine  that  concq)tual  models  were  being  construct- 
ed inside  students'  heads,  similar  to  the  ones  good  physicists  have  inside  their 
heads.  End«of-chapter  exercises  were  debugging  tools  to  test  this  hypothesis— if 
students  produced  the  same  answer  physicists  would,  that  was  taken  as  evidence 
that  everyone  was  working  from  the  same  internal  model.  But  soidents  develop 
strategies  to  manufacture  the  evidence  instead  of  the  model,  defeating  teachers* 
attempts  to  convey  insight  Now  the  nuxlel  can  be  more  external.  It  can  be  a  Pascal 
program  or  a  Lotus  woricsheet  The  teacher  can  inspect  it  directly,  and  the  student 
can  see  it  and  dLect  his  or  her  energies  toward  it  instead  of  toward  its  peripheral 
manifestations  in  a  number  or  two. 

ExpkNfing  a  model  must  be  taught.  The  simple  pendulum  woricsheet,  once  com- 
pleted, will  at  the  press  of  the  Calc  and  Graph  keys  ((F9]and  (fio]),  produce  the 
graph  shown  in  Figure  2.  The  student  must  be  questioned  about  it  What  (in  a  sen- 


SIMPLE  PENDULUM 


0  2  4  6  d  10  12  14 

Vtmm  --> 

0     An9lt[rodian]  +     tn«rgy    Ang  Wl(rodn/t] 

A  simple  pendulum  graph  produced  from  the  data  shown  in 
screen  2.  Students  cannot  make  sense  of  this  graph  until  they 
leam  to  read  the  axis  scales  and  legends,  and  until  they  recognize 
an  angle  of  3.1  radians  as  being  near  n  and  orienting  the  pendu- 
lum nearly  upside  down. 
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fence  or  two  of  English)  is  going  on  here?  Why  doesn't  it  look  like  a  simple  har- 
monic oscillator?  Can  someone  make  the  real  iqiparatus  on  the  lecture  demonstra- 
tion table  move  that  way?  Other  questions  are  needed  to  get  students  to  change 
some  of  the  input  data.  Can  the  model  rqxxxluce  the  simple  harmonic  motion  one 
sees  in  a  grandfather  clock  pendulum?  How  many  other  qualitatively  different 
motions  can  the  spreadsheet  model  produce? 

The  ease  of  making  graphs  also  allows  one  to  introduce  the  phase  plane 
momentum  versus  position^  in  the  introductory  course.  This  gives  students  a  tool 
that  is  useful  for  statistk^l  mechanics,  for  Bohr-Sommerfeld  quantization,  and  for 
the  qualitative  treatment  of  nonlinear  diffimntial  equations. 

White  Dwarf  Equation  of  State 

This  flnal  example  represents  the  use  of  a  spreadsheet  for  research  purposes.  It  is  a 
curve-fitting  problem  that  only  has  to  be  done  once,  so  that  it  is  inappropriate  to 
use  a  hard-to-write  program.  The  interactive  nature  of  a  spreadsheet  allows  the 
investigator  to  expk>re  variations  in  the  approximate  formula  that  is  being  used  to 
fit  the  data,  and  then  to  choose  best-fit  parameters. 

This  example  problem  is  to  find  a  direct  foonula  p  (P)  for  the  equation  of  state 
of  a  degenerate  ideal  Fermi  gas,  including  relitivistic  effects.  The  intended  use  is 
to  simplify  another  program  that  constructs  models  of  white  dwarf  stars  where  this 
equation  of  state  describes  the  pressure  of  the  degenerate  electrons  that  support  the 
star  against  its  own  gravity.  An  implicit  formula  can  be  found  in  the  textbooks;  it  is 

?  =  Po  W2x2  -  3)Vjc2  +  1  +  31n  (jc  +  Vjc2+i  )]. 

From  the  asymptotic  forms  that  these  equations  give, 

poc  />3/5^/>iow 

poc/>3/4,/>high,  (2) 

one  can  conjecture  an  approximate  formula  that  will  woric  at  both  low  (noniela- 
tivistic)  pressure  and  at  high  (relativistic)  pressure.  It  simply  combines  the  two 
asymptotic  forms: 

The  Cst  step  in  the  spreadsheet  use  is  to  test  this  proposal  and  to  see  how  much 
difference  there  is  between  equation  (1)  and  equation  (3). 

A  simple  spreadsheet  can  be  constructed  by  making  columns  for  x,  P,  and  p 
using  equation  (1),  and  then  making  a  fourth  column  in  which  p^pprx  is  computed 
from  P  using  equation  (3).  To  compare  the  two  formulae  one  might  then  show  the 
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two  p's  on  a  graph  against  P,  but  since  a  white  dwarf  will  have  a  v^ry  wide  range 
of  density  and  pressure  from  center  to  surface,  it  is  more  reasonable  to  inake  a  log- 
log  plot  This  quires  three  more  columns  in  the  spreadstieet,  log  P,  log  p,  and  log 
Pmptx'  hardly  longer  to  program  than  writing  the  labels  at  the  tops  of  the 

columns,  since  the  ^neadsheet  has  a  built-in  @LOG  function  that  can  be  typed 
into  one  cell  and  then  copied  in  one  q)eration  to  the  three  columns.  A  reasonable 
range  for  the  independent  variable  x  is  found  to  be  10*^  to  10^,  which  could  be 
done  in  41  rows  by  setting  :^^x  =  lO^'^jq.  Over  such  a  wide  range  the  errors  don't 
look  too  bad  on  a  log-log  pIot«  but  inspecting  the  tabulation  shows  errors  as  high  as 
SO  percent  around  x  =  1.  (Tlie  variable  x  =  p^m^c  is  the  Fermi  momentum  of  the 
electrons  in  relativistic  units.)  Also,  **around  jc  =  T  means  for  several  decades  in  P 
around  x  =  1,  so  these  really  are  substantial  errors  that  one  could  hope  to  improve 
upon* 

As  an  improved  formula,  one  could  think  of  blending  the  two  asymptotic  for- 
mulae in  a  loot-mean-square  sense  instead  of  just  adding  them.  But  why  a  square 
here,  rather  than  a  cube?  So  one  decides  to  try  an  arbitrary  power 

To  choose  n  we  need  to  compare  the  results  of  several  different  cases,  and  to 
see  the  differences  we  need  a  numerical  measure  of  the  error  of  fit  I  take  this  mea- 
sure to  be  proportional  to  the  area  between  the  exact  and  approximate  curves  on 
the  log-log  plot.  To  do  the  integral  that  measures  this  area  requires  two  more 
columns  on  the  worksheet  One  column  i:  the  difference 

IAlogpl  =  llogp-logp.pp^l; 

the  other  accumulates  this  multiplied  by  A  log  P  using  a  trapezoidal  rule  lo  evalu- 
ate the  integral 

J  IAlogplrf(log/')=ff^lMl)d(log/')  .^fi^ddog/'). 

J  V  In  10  y  In  10  J  p 

To  give  our  error  measure  a  simple  interpretation  as  the  fractional  error  in  p 
times  the  number  of  decades  of  P  with  that  error,  we  therefore  define 

Rt.Error  =  (In  10)  J I  A  log  p  |  d(log  P)  (5) 

and  report  this  quantity  in  the  I/O  area  of  our  spreadsheet  With  this  measure,  the 
first  trial  fit  from  equation  (3)  gives  an  OTor  of  416  decade-percent,  i.c.,  an  average 
40  percent  error  throughout  10  decades  of  P,  using  /i  -  1.  Similarly  for  /i  =  2,  3, 
and  4  one  finds  errors,  respectively,  of  60,  6,  and  29  dccade-pcrccnt,  so  that  sub- 
stantial improvement  can  be  found  near  /i  :=  3. 

The  spreadsheet  allows  more  systematic  searching  for  the  minimum  error  by 
using  the  /Data  Table  command.  In  an  empty  part  of  the  worksheet  we  use  /Data 
Fill  to  make  a  column  of  nu^nbers  from  2  to  4  at  0.1  intervals.  Then  the  /Data  l^ble 
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command  will  on  request,  substitute  these  numbers  successively  for  n  and  report  in 
t  pardlel  column  the  coneq)onding  fit  errors.  (The  compu:ation  time  on  an  ancient 
PC  is  30  seconds,  the  programming  only  t  few  tunes  that)  From  these  one  can 
then  quickfy  make  the  gr^)h  ^wn  as  Figure  3.  Rqieating  the 
with  a  nanower  range,  e.g.  2.8  to  2.9  at  0.00S  intervals,  followed  by  a  press  of  the 
TM)le  teyfRHio  repeat  the  datt^table  construction.^ 
precision  near  the  minimum  error.  Gaining  an  order  d  nuignitude  precision  every 
minute  or  two  manually  this  wqr,  is  much  more  practical  than  designing  a  program 
to  find  a  minimum  automatically.  In  addition,  one  might  lemi  something  unexpect- 
ed fiom  looking  at  the  numbers  and  grq)hs  as  they  skitter  by. 

Oie  point  I  notk:ed  while  finding  a  good  value  <rf  rt «  2.8S6  is  that  thcie  were 
enxis  at  smaU  values  of  Jt  where  one  expects  the  asymptotic  formula  to  be  good. 
These  turned  out  to  be  errors  in  evaluating  the  ""exact**  formula  for  P  from  equation 
(1).  Vou  can  discover  by  deriving  its  asymptotic  form  for  small  x  that  tl.^^  coeffi- 
cients of  four  terms  in  the  Taylor  series  (x^  through  jc^)  cancel  between  th .  loga- 
rithm id  ihc  other  term.  Even  with  IS  decimal  digits  of  precision,  round*off  eircM^ 
invalidate  (his  formula  for  numeric  computation  for  small  x,  and  only  the  asymp- 
totic formula  is  accurate. 
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Fiflur*  3*  The  error  in  fitting  approximate  simple  formula  to  data  from  an 
implicit  equation  for  p(r)  Is  shown  as  a  function  of  a  parameter  n 
in  the  approximate  formula. 
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Spreadsheet  Survey 

Now  that  we  have  seen  a  few  examples  of  spreadsheet  iq)plicaUons,  I  will  try  to 

dceich  out  Ae  aieas  h  which  I  am  aware  of  their  usefully  to  physt^^ 

of  the  reasons  that  make  them  Suable  in  particular  applications.  Dewey  has  also 

addressed  these  questions  in  this  session  and  there  is  su^stantial  overliq)  in  our 

assessments.^ 

A  first  consideration  is  accessibility,  so  it  is  important  to  realize  tiiat  spread* 
dieets  do  not  need  to  cost  a  lot  apart  boat  the  computer,  and  that  they  do  not  take 
long  to  team  if  one  has  an  appropriate  application  on  which  to  try  them  out  The 
best*known  qireadsheet,  Lotus  1-2-3  has  a  list  price  of  $495  and  is  widely  avail- 
able  for  $300.  This  is  high  for  wideqxead  student  use,  but  there  are  good  altema- 
tives«  One  is  the  Borland  Qmtro  qxeadsheet,  which  has  a  qiecial  academk:  price 
to  students  and  faculty  near  $45  (call  Borland  educational  sales  department  at 
(408)  438*8400  for  information).  Another  is  Joe  Spreadsheet  from  HoXu  Rinehart, 
and  Winston  (call  director  of  professional  sales«  (212)  614*3360)  at  a  special  aca- 
demic price  of  $20.  It  runs  complicated  Lotus  1-2-3  worksheets  snKXHhly  and  has 
an  excellent  manual.  The  only  serious  disadvimtage  of  the  beuer  Lotus  1-2-3 
clones  is  titat  they  occupy  more  memory  tiian  the  Lotus  ixoducL  {Lotus  has  an 
inexpensive  student  edition  witiKXit  tius  problem,  but  its  files  are  not  compatible 
with  the  regular  Lotus  1-2-3  tiiat  may  be  found  on  suidents*  parents'  machines,  or 
in  the  instructor's  ofTice,  or  in  connputer  woricrooms  elsewhere  on  campus.) 

Learning  to  use  a  spreadsheet  requires  about  four  hours  for  a  faculty  member 
who  is  comfortable  with  a  personal  co^ipuier  in  other  applications,  e.g.,  word  pro* 
cessing.  Of  this  time,  about  half  shouki  be  spent  working  tiuough  the  Tutor  pro* 
gram  that  is  supplied  witii  version  lA  of  Lotus  1-2-3,  and  the  other  half  working 
small  examples  such  as  a  travel  expenses  statement  or  a  solutkMi  of  a  one*dimen* 
sional  conservative  force  motion  modeled  on  listing  2.  T\iu>rials  are  available  tti 
many  varieties  but  use  primarily  business  examples.  The  important  parts  to  learn 
are  the  inuoductions  (cursor  control,  file  handling,  etc.),  basics  (copying,  pointing, 
butlt*in  fiuxtions),  and  graphing.  Data  base  and  macro  capabilities  can  be  deferred 
until  you  acquire  expeitise. 


Teaching  Uses 

There  are  appropriate  uses  for  spreadsheets  in  teaching  physics  at  all  levels  from 
graduate  school  through  high  school.^  The  most  likely  use  among  graduate  teach* 
ing  assistants  would  be  to  maintain  a  gradcbook  for  the  professor  in  a  laige,  multi* 
section  class.  This  use  is,  of  course,  just  the  kind  of  business  format  for  which  die 
programs  were  designed.  After  learning  spreadsheets  in  this  context,  the  graduate 
student  woukl  likely  find  uses  fcr  it  in  his  other  xsearch  as  well. 

Research  sUidents,  by  which  I  mean  either  graduate  students  or  upperclass 
undergraduates  oriented  toward  graduate  school,  should  give  Pascal  and  FOR* 
TRAN  priority  as  Uiey  develop  professional  computer  skills.  Many,  however,  will 
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And  a  spreadsheet  easy  to  learn  and  very  useful  as  described  below  under 
**Reseaich  Uses.*"  It  can  also  be  used  in  nuunstream  courses^  or  to  analyse  the 
moderate  amounts  of  dau  that  are  typically  collected  in  experiments  in  laboratory 
courses  ai  this  level. 

Students  in  introductory  physics  courses  for  physics  majors,  engineers,  and 
other  scientists,  can  benefit  from  learning  to  use  spitadsheets  because  this  takes 
less  time  than  learning  a  conventional  programming  language.  The  simple  pendu- 
lum model  described  earUer  illustrates  how  the  content  of  an  introductory  course 
can  be  modified  to  use  student  programming  skills  to  achieve  a  better  understand- 
ing of  physics*  Dykstra  and  Fulkr  have  many  useful  suggestions.^  Together  with 
Pat  Cooney,  I  am  writing  a  book<  to  supplement  standard  texts  that  will  offer  more 
complete  suggestions  in  this  area  and  will  provide  the  written  support  that  students 
necd.^ 

Nons^nence  undergraduates  can  be  taught  (as  I  have  done  in  two  courses)  to  use 
spreadsheet  skills  as  a  substitute  for  calculus  skills.  They  may  be  attracted  to  a 
physics  course  that  uses  spreadsheets,  because  many  of  them  are  aware  that  spread* 
sheets  skills  are  valuable  in  a  large  variety  of  nonscientiric  fiekis.  The  radioactive 
decay  example  presented  earlier  illustrates  how  teaching  the  use  of  a  spreadsheet 
and  leaching  physk:s  can  proceed  concurrently.  Although  a  calculus  prerequisite  is 
desinMe  (to  assure  some  competence  in  algebra)  and  is  required  in  many  business 
school  programs,  one  should  not  anticipate  significant  skill  or  understanding  of 
calculus.  Besides,  calculus  is  not  necessary.  Newton's  second  law  can  be  phrased 
''Fdrce  causes  a  change  in  velocity,"  and  programmed  that  way  using  small  finite 
steps  d!r  in  a  spreadsheet  PlaifCtary  mc  .  :an  be  solved  in  rectangular  coordinates 
in  the  same  style.  You  can  emphasize  tiw  oasic  point  that  a  fundamental  law  like 
Newton*s,  can  lead  to  a  variety  of  very  detailed  predictions  without  tempting  sui- 
dents  to  memorize  a  hundred  formulae  that  they  will  justifiably  forget 

But  the  populatkm  that  can  benefit  most  from  the  introduction  of  spreadsheets 
is  high  school  students.  Spreadsheets  are  being  used  in  high  schools  now.  I  expect 
that  one  could  at  least  double  the  fraction  of  high  school  students  who  imagine 
themselve^^  using  mathematics  in  a  future  career  if  spreadsheets  were  widely  used 
in  high  school  science,  mathematics,  and  economics.  My  basis  for  this  nonscientif- 
ic  conjectt;.'e  is  the  astounding  fact  uu^  In  the  last  five  years,  several  million  busi* 
ness  msn  and  women  have  kameU  to  program  computers  productively  using 
spreadsheets.  Most  of  them  do  not  regard  constructing  worksheets  as  computer 
prpgranuning,  and  very  few  use  any  calculus  or  other  higher  mathemaucs.  Yet  they 
are  hi^jpily  optimizing  and  projecting  mathematical  models  of  complex  business 
situatkxis.  No  ordinary  differential  equation  on  a  spreadsheet  is  qualitatively  differ* 
ent  .rom  compound  intemst«  so  we  should  regard  differential  equations  as  accessi- 
ble at  the  high  school  level.  Using  finite  difference  forms,  students  should  learn 
difierential  equations  before  they  leam  calculus.  The  aiq)lication  of  differential 
equatkxis  to  biok)gical  populations,  chemical  reactions,  mechanics,  electricity,  and 
radioactivity  are  much  more  interesting  than  the  usual  calculus  and  precalculus 
problems,  so  nrKHivation  to  learn  should  be  improved.  Later,  calculus  will  give  a 
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deeper  ind^  into  an  area  wiib  wtuch  the  studenu  itfe  already  familiar,  just  as 
gnniinar  is  nonnaUy  taught  10  students  w!k>  ab^ 


ReMarch  Uses 

Some  itiearch  uses  of  ^^^feadsheeis  correqwnd  to  the  purposes  ior  which  they 
were  dciiiBed,  These  iadude  the  preparation  and  imintcnance  of  gnmt  boc}geis> 
cosi  eitiaiation  for  experimenu,  and  rouline  reporu  such  as  travel  expense 
MieflMQii  The  ni^  sdvantaies  of  sproKbhettt  are  1^ 
numbers^  their  contqKmdence  to  familiar  pencU*and«paper  piepvaUon  of  the 
same  ton  of  documents*  ami  their  iMUty  10  prim  out  rqnm 

An  andogous  tm  that  Pirofessor  J.  P.  Richard  has  shown  me,  is  the  pr^^ 
of  cmr  budfets  for  experteents  as  thqr  are  being  designed. 
leristics  of  varioas  blocks  in  the  signal^detection  and  process^ 
compmed  separately  wnd  rombined  as  functions  of  die  various  design  parameters 
thM  can  be  a4fttsted*  The  coc4rolling  input  parameters  and  vark^ 
lenfitiviQr  Qfives  can  be  arranged  in  a  conveniendy  viewed  and  printAle  format, 
with  die  detailed  calculations  done  in  scratch  areas  i^  Uiey  don  *i  fu  easily  into 
die  rqxxt  cdk  llien  die  experimenier  can  interactively  explore  a  variety  of  trade- 
o£b  by  varying  die  GontroIld>fe  iMameien  to  sear^ 

PIqftics  extends  die  use  of  spceadsheett  fitf  beyond  die  a|^^ 
ed  by  die  original  designers.  One  such  use  is  for  calculations  and  grq)hs  auxiliary 
to  a  larger  project  An  example  is  die  whi^e  dwarf  curve-fltting  worksheci 
described  eariier  Orvis  indudes  a  variety  of  other  examples.^ 
jects  of  any  Idnd,  dieoretical  or  eiqierimenud,  or  first-try  e^ 
landscape  where  a  bfge  pn)ject  is  contemplated  The  ideal  of  a 
lope**  calcttlaiion  can  be  extended  by  a  couple  of  orto 
7,  white  retaining  die  same  spontaneity  and  immediateness  by  using  a  spreadsheet 
instead  of  a  piece  of  scnf)  p^per 

IWo  characteristics  ciake  a  calculation  appropriate  for  a  ^eadsheet:  a  high 
ratio  of  design  time  to  run  time,  and  the  need  for  small  amounts  of  data.  One 
should  be  reluctant  to  spcoA  several  person-mondis  writing  a  program  diat  will  be 
rcn  only  SO  times  at  30  seconds  each  on  a  personal  computer.  Better  to  spend  a 
coiq>ie  of  person-days  designing  a  woricsheet  diat  will  take  five  minutes  for  each 
run.  SmaU  amounU  of  data  (less  dian  about  10^  numbers)  can  also  be  cxploctd 
interactively  oh  qxeadsheeu.  One  would  not  want  to  type  in  more  dian  a  few 
dozen  meanned  numbers,  but  many  instruments  can  be  programmed  to  produce 
ASCn  files  of  measured  data.  Any  file  duit  would  produce  a  tabular  listing  vhen 
copied  10  a  printer  can  be  read  by  a  spreadsheet  and,  widi  die  /Dau  Parse  com* 
mand*  convened  to  one  datum  per  cell  in  a  spreadsheet.  Widi  die  dau  thus  orga- 
nized  by  columns  in  die  spreadsheet,  diey  can  be  gn4)hed,  combined.  Fx  and 
otiierwise  manipulated  interactively  widi  great  convenience.  Built-in  bcilities  such 
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as  leasl*sqtiares  fitting  and  matrix  multiplication  are  valuable  tool^  in  such 
explonioiy  analyses. 

Spreadsheet  Qualities 

Spreadsheets  have  many  iJvaniages  over  standard  compui  *  languages  and  some 
serious  limititois.  As^ong  their  most  important  advani«ge$  is  convenience  They 
are  easy  lo  modify,  edif ,  and  reocpnize.  They  are  also  reiuNuMy  powerful  Ihey 
can  solve  systems  of  ordinsry  differential  equations,  or  simple  two-dimensional 
partial  diffettntial  equations.  Odw  important  consiliences  are  their  selfn^^KvUng 
capabilities  and  their  concurrent  debuning  proclivities. 

By  seifHqxxtiQg  I  mean  that  text  and  numben  can  be  intermixed  on  the  same 
screen  and  in  adjacent  tells,  so  that  the  programmed  storage  locations  for  L^npor- 
tant  data  can  (appear  to)  be  the  entries  on  the  printable  pages  or  viewable  screens 
where  data  iiqmt  and  output  is  organized  for  convenience  of  comprehension  and 
use.  In  most  odier  computer  languages,  one  could  design  and  code  a  complete 
computation  wnile  leaving  90  percent  of  the  job  (I/O  and  user  control)  still  undone. 
With  a  spreadsheet,  these  scientifically  noncenural  parts  of  the  program  are  ^IJum 
more  than  20  percent  of  die  job. 

The  XHANCE-  worksheet  above  illustrates  concurrent  asbugging.  It  refers  to 
tbe  fact  that  one  normally  supplies  sample  data  beforr  beginning  to  specify  the 
computations  when  constructing  a  worl^heet,  and  thus  sees  numerical  results  at 
every  step  during  the  programming.  If  one  has  a  reirsonablt  understanding  of  u\c 
example  one  uses  during  diis  construction  process,  errors  in  logic  often  produce 
recog^iizably  spurious  answers  at  intermediate  stq)s.  In  this  way  it  is  likely  that 
many  errors  will  be  caught,  one  at  a  timev  ar,  the  progranuning  (worksheet  con- 
struction) goes  on.  With  conventional  languages  it  is  more  likely  that,  when  the 
first  test  case  is  run,  multiple  interacting  errors  will  make  the  debugging  effort 
rather  difficult  (There  are  practices  in  software  eiigineering  that  mostly  avoid  this 
problem,  but  th^  are  in  even  less  common  use  by  physkists  than  .«|)readsheets.) 

Snpsadsheets  also  have  the  advantage  of  being  easy  to  team,  widely  used,  and 
widely  i|)plicable,  all  points  tltat  have  occurred  earlier  in  this  discussion.  The  rea* 
sons  foi  these  qualities  are  several.  One  is  the  pqier-ano-pencil  metaphor  that  is  at 
the  heart  of  qv^adsbeet  design.  This  appearance  makes  the  computer  accessible  to 
nontechnical  people  who  are  afraid  they  have  no  idea  what  goes  on  inside  a  com- 
puter. The  spreadsheet  converts  the  computer  from  a  mysterious  bbck  box  that 
<eacts  in  nearly  unpredictable  ways  to  a  very  concrete  device  that  shows  on  screen 
every  number  it  is  cakulating.  One  seems  to  be  doing  on  screen  exactly  what  one 
was  accustomed  to  do  on  ^per,  except  with  a  number  of  very  powerful  conve- 
niences. 

The  most  widely  advertised  convenience  is  the  "what  iT  capab^Mty.  If  one  input 
number  is  changed,  one  need  not  rewrite  the  entire  worksheet;  every  dependent 
cakulntioo  will  be  redone  automatically  (or  upon  request  if  preferred).  In  effect, 
the  q)read$beet  programs  while  you  calculate.  Your  effort  is  comparable  to  (Nit 
easier  than)  doing  a  computation  with  a  hand  calculator.  But  after  you  have  done  it 
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once,  the  q)ieadshcei  has  learned  how  to  repeat  it  for  you  with  new  data;  it  con- 
tains a  pft^gram  ready  tn  run.  I  like  to  call  this  capability  ofthe  spreadsheet  the  ser- 
vice of  a  ^'invisible  assistant. Early  computational  physicists  such  as 
Chandrasddur  and  Hartree  nnoved  into  positions  where  they  could  recruit  persons 
cdhu  computois  who  would,  once  given  the  scheme  and  an  example  or  two,  do 
rq)etitive  calculations  using  mechanical  desk  cakulators  and  standard  bookkeq>* 
ing  columnar  paper  (paper  worksheets).'  (Hylleraas  would  ^)pear  to  have  done  all 
his  own  calcidation  duoughout  a  long  and  distinguished  career^  The  electronic 
qxeaddieet  provides  the  same  services  as  these  assistants  (or  an  author's  personal 
labor),  ft  wiU  repeat  a  complete  calculation  with  new  data,  or  (v^ 
mand)  it  will  rq^eat  a  siiigle  stq>  many  times  with  evolving  data.  A  further  impor- 
tant scmct  of  the  ^'invisible  assistant**  in  current  spread^ieets,  is  its  ability  to  make 
graphs  quickly  from  any  cdumns  of  data  that  you  point  out 

In  Sfitc  of  its  many  advantages,  a  qxeadsheet  is  not  appropriate  for  every  job.  It 
occupies  a  particulariy  important  niche  in  the  ecology  of  computation.  It  is  sOapied 
to  computations  that  involve  limited  amounts  of  data  (e.g.,  1(H  items),  and  that 
need  limited  logical  control  ft  also  demands  relatively  powerful  computing  facili- 
ties. Compared  to  a  FORTRAN  program  doing  the  same  principal  computation,  it 
"wastes-  up  to  95  percent  of  the  computer's  CPU  and  memory  on  the  job  of  pro- 
viding a  convenient  user  interface,  but  that  is  usually  considered  an  advantage  now 
that  programmers  are  so  much  more  expensive  than  hardware. 

Some  remaining  disadvantages  of  spreadsheets  might  be  reduced  if  future  com- 
putational environments  are  created  with  sufficient  ingenuity.  One  major  disadvan- 
tage of  a  ^readsheet,  is  that  its  logical  structure  is  hard  to  display.  Whatever 
degree  of  logic  display  is  achieved  is  endrely  the  reqxxisibility  of  the  irogrammer; 
it  is  not  demanded  or  even  encouraged  by  the  spreadsheet  environment  itself.  As  a 
consequence,  programming  errors  that  escape  the  first  concurrent  debugging  phase 
are  hard  to  detect  There  is  little  systematic  help  built  into  the  spreadsheet,  so  a 
heavy  responsibility  falls  on  the  user  to  design  a  stringer  suite  of  lest  cases  to 
check  that  the  worksheet  does  what  it  is  expected  to  do.  These  are  the  same  skills 
we  hav,  always  taught  graduate  students  who,  however,  need  them  as  much  to 
check  for  arithmetic  and  algebra  errors  as  for  errors  in  logical  design. 

Supported  in  pan  by  a  grant  from  the  Fund  for  the  Improvement  of  Post- Secondary 
Education  (U.S.D.E.)  with  the  farther  assistance  of  an  equipment  grant  from  IBM  under  its 
AEP  program. 


1.  C.  W.  Misncr.  "Spreadsheets  Tackle  Physics  Problems."  Computers  in  Physics  2.  37 
(May/June  1988). 

2.  D.  J.  Dykstra  Jr..  "Wondering  about  Physics...Using  Computers  and  Spreadsheet 
Software  in  Physics  Instruction,**  in  this  proceeding. 

3.  J.  R.  Christman,  "Invited  and  Contributed  Papers  on  Spreadsheet  Physics.**  aapt 
Announcer  18  (  May  1988);  F,  Griffin.  D.  Dykstra.  and  L.  Turner,  "aapt 
Workshop— Exploring  Physics  with  Spreadsheets.**  aapt  Announcer  18  42  (May 
1988);  C.  W.  Misncr  and  P.  J.  Cooncy.  "aapt  Worksho|>— Introductory  Physics  Using 
Lotus  1-2*3  (and  clones)  on  PCs.**  aapt  Announcer  17. 39  (December  1987). 


ERIC 


398 


Computational  Physica  and  Spreadsheeta 


4.  J.  V.  iOadennaiu  **A  Computing  Laboratory  for  Lntroductory  Quantum  Mechanics,**  in 
dua  fvocaadingt. 

5.  D.  L  D^otia and  R.  G.  Inillei;  *^ondering  About  Physics...Using  Spreadsheets  to 
HiidOQl**(New  Yodc  John  WO^,  1988). 

6.  C.  W.  Misner  and  P.  h  Cooney»  ''Spreadsheet  Physics**  (Readh:g»  MA:  Addision- 
Wesl^,1989). 

7.  W.  J.  Orm,  Ul-Sfar  Scientists  and  Engineers  (San  Francisco:  Sybex,  1987). 

8.  S.  Chandrnddiar,  The  Highly  Collapsed  Configurations  of  a  Stellar  Mass,**  Mon. 
Not  Roy.  Astr.  Soc  207  (January  1935X  D.  JL  Hartree  and  W.  Hartree,  llesults  of 
CafealalionB  of  Alomk  Wave  Functions  Ed^esults  for  Be,  Ca  and  Ho,**  Pjroc.  Roy. 
Soc  149, 210(1933). 

9.  EgO  A.  HyDenas,  *'Uber  den  Grundzustand  des  Heliumatoms,**  Zeitschr.  f.  Phys.  48, 
469(1928). 


Teaching  Computational  Physics 

Paul  L  DeVries 

Department  cf  Physics,  Miami  University,  Oxford,  OH  45056 


Mathematical  physics  has  been  the  backbone  of  the  undergraduate  physics  curricu- 
lum at  Miami  University  since  the  days  of  George  Arfken  and  his  deFmitive  text  on 
the  subject  Mathematical  physics  at  Miami  is  taken  in  a  two-semester  sequence, 
normally  during  a  student's  junior  year.  In  rec^t  years,  an  increasingly  impcmant 
component  of  that  sequence  has  been  computational  physics.  In  this  talk,  we  will 
outline  the  history  and  motivation  bdiind  computational  physics,  its  philosophical 
biases,  and  some  of  the  actual  content  of  the  computational  physics  course  as  it  is 
now  being  taught  at  Miami  University. 

There  is,  of  course,  some  question  of  what  computational  p^  ysics  is,  or  what  it 
should  be,  and  what  (if  any)  are  its  limits.  Certainly  computational  physics 
involves  far  more  than  evaluating  integrals  numerically  or  solving  differential 
equations— although  these  are  necessary  taski.  We  always  try  to  convey  to  our  stu- 
dents  the  sense  of  Hamming's  admonition:  "The  purpose  of  computing  is  insight, 
not  numbers.** 

Ideally,  computational  physics  should  be  a  synthesis  of  many  topics:  numerical 
analysis,  computer  programmmg,  and  most  important,  physics.  Although  our  stu- 
dents are  often  competent  in  each  of  these  areas  in  isolation,  they  may  not  be  ready 
or  able  to  puO  it  all  together.  Sometimes  the  curriculum  itself  adds  to  the  problem; 
overcompartmentalization  has  sometimes  meant  Umt  there  has  been  little  or  no 
carry-over  finom  one  topic  to  another.  Thus  we  find  that  much  of  our  time  is  spent 
in  illustrating  the  connections  among  topics.  Sometimes,  too,  the  student  has  an 
exaggerated  notion  of  the  ''status**  of  the  computer.  We  must  constantly  remind  stu- 
dents that  the  computer  is  but  a  tool  that  we  use  in  our  work  in  physici^-an  assis- 
tant in  our  endeavors.  We  must  never  surrender  the  physics  and  ourselves  to  the 
machine. 
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Using  Computer  Experiments  in 
Standard  Physics  Courses 

Jan  Tobochnik 

Departmau  cf  Physics,  Kalamazoo  College,  Kalamazoo,  MI 49007 


Students  need  to  leam  how  to  use  computers  in  the  way  that  physicists  use  comput- 
ers in  their  research.  As  a  side-effect,  these  computational  methods  frequently  pro- 
vide educational  benefits  not  found  in  traditionh^  modes  of  instruction. !  will 
present  three  ways  causing  computational  physics  in  undergraduate  physics  cours- 
es: (1)  rq)lacement  for  two,  three-hour  labs  in  the  standard  calculus-based  intro- 
ductory ^ysics  sequence,  (2)  part  of  homework  i^blems  f  jr  sophomore-level 
mechtfiics,  and  (3)  a  weekly  laboratory  component  for  a  thermal  or  statistical 
physk:s  course*  Pedagogical  issues  will  be  stressed,  but  some  attention  will  be  paid 
to  prograAuning  details. 

I  will  present  examples  of  programs  used  in  courses  and  the  written  material 
accompanying  the  pn>grams.  In  some  cases  my  text.  An  Introduction  to  Computer 
Simulation:  Applications  to  Physical  Systems^  was  used-  The  programs  presented 
are  written  in  True  BASIC,  a  structured  dialect  of  BASIC  that  is  very  similar  to 
FORIHAN  77  and  is  identk:al  on  both  the  Macintosh  and  MS-DOS  machines.  The 
source  code  for  the  programs  are  available  to  the  student  and  the  student  is  expect- 
ed to  make  minor  modifications  in  the  program  and  occasionally  write  their  own 
programs  based  on  model  programs  they  have  already  seen. 

I  use  the  term  ""computer  experiments**  in  the  title  of  this  talk  because  my  use  of 
the  computer  is  diffierent  from  the  standard  use  of  computer  simulations.  When 
using  computer  simulatk)ns,  the  student  typically  has  no  access  to  the  source  code. 
The  emphasis  is  on  interpreting  the  graphs  or  animation  seen  on  the  computer 
screen.  In  addition  to  this  kind  of  interpretation,  my  goal  is  to  show  the  connection 
between  physics  and  simple  numerical  methods,  to  show  how  the  simulation  is 
produced  by  the  computer,  and  to  introduce  the  student  to  programming.  Thus, 
these  exercises  allow  the  student  to  develop  or  extend  programming  skills  while 
solving  actual  problems  in  physics. 

Sample  exercises  to  be  discussed  will  include:  (1)  one-dimensional  motion 
(introductory  physics);  (2)  two-dimensional  motion  (introductory  physics);  (3) 
approach  to  chaos  for  a  nonlinear  oscillator  (sophonK>re  mechanics);  (4)  ideal  gas 
in  the  microcanonical  ensemble  (thermal  physics);  and  (S)  m^netism  (Ising 
model)  in  the  canonical  ensemble  (thermal  physics). 

In  the  first  two  exercises  the  students  learn  now  diffluent  functional  forms  for 
the  force  lead  to  a  variety  of  types  of  motion  for  the  partfcle.  The  Euler  algorithm 
modified  by  Cromer^  is  used  to  solve  the  equations  of  motion.  In  the  one-dimen- 
sional case,  the  position,  velocity,  and  acceleration  are  plotted  as  a  function  of 
time.  In  the  two-dimensional  rase,  the  trajectory  in  position,  velocity,  and  atcelera- 
^   tion  spBU  is  plotted.  Studems  make  a  hard  copy  of  what  they  see  on  the  screen, 
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make  measurements  on  Ae  graphs,  and  interpret  the  various  features  of  the  gr^hs. 
Wbcfc  possible,  the  students  compare  the  numerical  results  to  analytical  results. 
Examples  used  in  class  include  free  fall  with  and  without  friction,  projectile 
motion  with  and  without  friction,  harmonic  motion  with  and  without  damping  and 
external  forcing,  and  planetary  moUon. 

In  the  third  exercise  a  nutiinear  damped  forced  harmonic  oscillator  di^lays  the 
*  period-doubling  qqivoach  to  chaos.  The  computer  simulation  produces  a  Pdincar6 
map. 

The  last  two  exercises  use  Monte  Carlo  methods  illustrate  ideas  in  statistical 
mechatiics  and  to  introduce  the  student  to  numerical  techniques  used  in  cun^nt 
research.  From  the  microcanonical  ensemble,  one  can  empirically  discover  the 
Boltzmann  distribution,  which  is  the  basis  for  the  canonical  ensemble.  Ideas  such 
as  the  equation  Oi  state,  phase  transitions,  and  hysteresis  can  be  illustrated  using 
these  methods. 

I  will  show  and  briefly  expbir.  the  programs  to  carry  out  these  simulations, 
emphasizing  the  sinplicity  of  the  progranuning.  As  I  go  through  the  examples  I 
will  point  out  what  actually  happened  when  they  were  used  at  Kalamazoo  College, 
what  ideas  q)peared  to  be  better  learned  using  the  computer  versus  traditional 
methods*  and  technical  details  to  watch  out  for. 

1.  H.  Gould  and  J.  Tobochnik.  An  Introd^-tion  to  Computer  Simulation:  Applications  to 
Physical  Systems,  parts  1  and  2  (Reading.  MA:  Addison^WesIey.  1987). 

2.  Alfn  Cromer.  "Stable  Solutions  Using  the  Euler  Approximation."  Am.  J.  Phys.  49. 455 
(1981). 


An  Example  of  "Task 
Management"  in  Constructing  a 
Computer  Program 

Edward  H.  Caiison 

Department  of  Physics  and  Astronomy,  Michigan  State  UniversUy,  East  Lansing,  Ml  48824 


Whether  laboratory  or  computational,  physics  tasks  ideally  follow  a  common  pro- 
file: analyzing  the  problem,  devising  modes  of  solution,  implementing  these  meth- 
ods while  tracking  progress,  testing  the  results  for  correcUiess.  and  rqx)rting  or 
delivering  the  results  in  a  clear  package.  However,  while  doing  research,  one  com- 
monly hiicks  out  new  paths  through  the  jungle,  and  organized  progress  along  the 
above  profile  is  rarely  completely  achieved  The  formal  method  of  '"task  manage 
ment**  can  serve  as  a  foundation  skill  for  well-organized  woric  habits  in  laboratory 
work,  computer  programming,  and  possibly  paper-and-pencil  problem-solving  by 
physicists.^ 
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The  new  discipline  of  software  engineering^  lilies  task  management  concepts 
to  large  problems  (constructing  commercial  computer  programs  of  30,000  to 
10,000,000  lines  of  code).  Suitably  truncated  and  modified  for  the  smaller  pro- 
graofis  (30  to  1,000  lines)  that  the  typical  physicist  may  necxl  to  construct,  task 
management  methods  can  improve  the  productivity  and  quality  of  pfograroming, 
and  serve  as  one  mode  probably  the  most  transparent)  of  teaching  generalized 
task-solving  skills.^ 

Compared  to  a  typical  laboratory  measurement  task,  software  construction  is 
filled  with  detail  and  endowed  with  near-infinite  tractabUity.^  The  programmer  is 
enticed  to  jump  back  and  foith  ak>ng  the  task  profile,  becoming  quite  muddled  in 
the  process.  The  cure  is  to  nnodularize  both  the  process  of  constructing  the  code 
and  the  code  itself.  In  fact,  hierarchically  arranged  modules  are  a  neariy  universal 
human  solution  to  the  famous  **seven,  plus  or  minus  two**  capacity  of  our  minds  to 
hokl  thoughts.^ 

By  employing  a  formal  method  with  definite  criten:;  for  closure  of  each  stage,  a 
programmer  can  produce  a  structured,  modular  progrbm  with  maximum  clarity  and 
correctness,  and  in  minimum  time.  The  famal  method  cannot  guarantee  that  the 
programmer  wUl  not  retrace  steps  along  the  task  profile,  but  it  does  tend  to  mini- 
mize the  risk;  and  by  isolating  details  into  clusters  or  modules,  it  helps  prevent 
error  propagation  when  items  in  the  program  are  changed. 

The  experiment  described  in  this  paper  was  undertaken  with  students  in  a  fresh- 
man-level "^computing  for  physics**  course.  The  students  constructed  a  screen 
robot  that  simulates  the  mechanics  of  an  organism  hopping — similar  to  a  human  on 
a  pogo  stick.  A  team  approach  to  this  problem  was  employed.  TY^^*,  students  divided 
the  problem  into  pieces,  each  done  independently  by  several  stuucnts  so  that  a  final 
working  whole  would  result  even  if  individual  students  had  trouble  meeting  their 
goals. 

The  experiment  was  run  for  two  successive  years.  In  the  first  year,  task  man- 
agement was  not  part  of  the  curriculum;  in  the  second,  it  was.  Because  the  project 
was  a  simulation  rather  than  a  calculation,  the  appropriate  svsps  of  the  method  are: 
(1)  analyze  the  task,  (2)  do  the  physics,  (3)  design  the  program,  (4)  consuuct  the 
program,  (S)  test  the  simulation. 

The  problem  lUelf  is  simple.  All  motion  is  in  a  plane,  and  the  robot  has  only 
two  massive  parts:  a  body,  and  a  leg  that  swings  on  an  axle  through  the  body.  The 
leg  length  is  variable  because  a  foot-to-leg  spring  is  present  and  a  muscle  (under 
control  of  the  user  of  the  simulation)  exerts  a  torque  between  body  and  leg.  The 
center  of  mass  of  the  body  and  of  the  leg  are  placed  on  the  body-leg  axle.  The 
problem  is  simple,  rich,  and  interesting  for  the  students.  The  trick  is  to  control  the 
robot's  forward  and  backward  hopping,  without  allowing  it  to  fall. 

Motkm  occurs  in  two  phases:  free  fall  \^iien  the  foot  is  not  in  contact  with  the 
ground,  and  constrained  motion — foot  fixed— otherwise.  (In  the  later  condition, 
the  leg  length  changes  during  motion,  and  the  leg-foot  spring  exerts  a{q)ropriate 
forces.)  The  trmsition  between  the  two  motions  is  a  somewhat  tricky  point  to  code. 

The  softv/are  had  to  be  driven  by  the  hardware  (PCs)  and  language  choice 
available.  To  allow  easy  coding  of  screen  graphics,  a  template  was  uscd,^  and  a 


ERLC 


i  I  D 


402  Computational  Phyaict  and  Spreadaheeta 


canned  Runge  Kutta  module  was  to  sdve  the  difTeientia!  equations.  A  test 
bed  was  designs!  10  lest  the  components  of  the  module. 

1.  Edward  H.  Carlson,  **LaborAtory  Skillt  and  Task  Management,**"  submitted  to  the 
AAPrsammermeettni,  (1988). 

2.  Roger  S.  Pressman,  Scftware  EngUieering:  A  Practitioner's  Approach  (New  York: 
McGraw4fiO,l982). 

3.  Edwanl  H.  Csrison,  *Teachin|  Software  Constnictkm  to  Physicists,**  submitted  to  the 

4.  Fraderk^  P.  Brooks,  Jr.,  The  Mythical  Man-Monih  (Readmg  MA:  Addison-Wesley, 
1975),  pp.  7-8. 

5.  Oeofge  A*  MiUcr,  *The  Magical  Number  Seven,  Plus  or  Minus  Two:  Some  limits  on 
Our  Crpacity  for  Processing  Information,**  The  Piychological  Review  C3, 81  (1956). 

6.  Edwar  i  H.  Carlson,  **A  Template  for  Writing  Programs,**  Comp.  in  Phvs.  1. 65  (1987). 


Soiution  of  the  Thomas-Fermi 
Equation  for  Molecules  by  an 
Efficient  Relaxation  Method 

G.W.Parker 

Depanmestt  cf  Physics,  North  Carolina  State  University,  Raleigh,  NC  27695-8202 


The  Thomas-Fcrmi  method  provides  a  simple  and  elegant  solution  to  the  problem 
of  finding  an  approximation  to  the  electron  density  n(xj,z)  in  the  ground  state  of 
an  atom,  moleoile,  or  solid.  In  addition,  it  provides  the  initial  member  of  a  possible 
sequence  of  density-functional  approximation  schemes  that  lead  to  increasingly 
accurate  descriptions  of  the  ground-state  density  and  related  one-electron  proper- 
ties. The  deficiencies  of  the  Thomas-Fermi  model  are  primarily  consequences  of 
the  semiclassical  approximation  and  the  neglect  of  exchange,  both  of  which  require 
A  »  1  for  their  v^didity.  In  spite  of  these  basic  limitations,  the  Thomas-Fermi 
equation  becomes  exact  in  the  limit  of  large  atomic  numbers,^  gives  agreement 
with  actual  atomic  densities  in  the  region  of  large  density  (n  »  1),^  and  exhibits 
the  correct  dissociation  behavior  for  nK)lecules.^  From  a  more  general  point  of 
view,  the  deflciencies  of  the  Thomas-Fermi  model  are  targets  for  subsequent 
refinenoents  and  not  reasons  for  discouragem^t  with  the  approach,  which  avoids 
explicit  reference  to  the  underlying  electronic  wave  functions. 

I  have  develops  a  program  that  solves  the  multicentered  Thomas-Fermi  partial 
differential  equation  for  an  arbitrary  molecule.  Required  data  are  the  nuclear 
charges  2^  and  their  locations  within  a  simple  cubic  computational  grid  that  places 
the  nxriecule  more  or  less  at  its  center.  Boundary  values  are  determined  from  the 
asymptotic  solution,  v^  hich  correq;)onds  to  an  atom  located  at  the  center  of  nuclea"* 
charge  having  total  charge  equal  to  the  sum  of  the  atomic  charges. 
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Pievious  methods  have  been  directed  toward  q)eciric  molecules,  such  as  N2. 
and  the  Ingest  molecules  treated  have  been  H2O  and  SO2.  This  specificity  is  a 
consequence  of  the  choice  of  dependent  varieble,  which  is  related  to  the  effective 
T-F  potential  oiergy  V.  At  each  nucleus*  V  must  approach  -  /  r^,  in  atomic  units, 
and  this  condition  has  been  met,  in  diatomics  for  example,  by  writing 


where  the  molecular  screening  function  is  required  to  approach  unity  at  each 
nucleus.  The  latter  condition  has  been  met  by  constraining  the  nuclei  to  be  at  grid 
points*^ 

In  my  9pptixcK^  the  dq)endent  variable  is  chosen  to  be  DV,  the  difference 
between  the  molecular  and  the  sum  of  atomic  potential  eneigies  V^.  This  differ- 
ence is  found  to  be  bounded  and  smoothly  varying  through  the  nuclei  and  else- 
where* and  it  automatically  incoqx>fates  the  comet  limiting  behavior  near  nuclei 
through  the  exact  atomic  solutions  Va^-  Z^fi^  /  r^,  where  5^,  the  atomic  screening 
function,  goes  to  unity  as  goes  to  zero.  I  have  determined  the  universal  T-F 
atomic  screening  function  Six)  to  about  1  part  in  10^  by  solving  its  differential 
equation  as  a  two-point  boundary-value  problem  using  the  well-developed  and 
accurately  known  asymptotic  solution.^  Values  of  at  any  point  are  then  obtained 
from  a  cubic  ^line  fit  to  the  solution  5(x),  or  the  asymptotic  solution. 

The  oorre^onding  equation  for  DV,  a  nonlinear  Pdisson  equation,  is  solved  on 
the  thiee-dimensional  grid  by  a  relaxation  method^  that  uses  a  sequence  of  grids 
stalling  with  level  1 ,  with  cubic  grid  size  //,  and  extending  to  finer  grids,  with  level 
k  having  the  spacing  «  /  2(*-  where  A  «  1. 2,...,  M.  An  anroximate  solu- 
tion on  level  1  is  efficiently  obtained  by  several  Gauss-Seidel  relaxation  sweeps 
with  one  Newton  iteration  at  each  grid  point  to  solve  the  nonlinear  equation.  The 
solution  on  level  1  is  then  interpolated  to  level  2  and  similar  relaxation  there 
smooths  errors  on  the  scale  of  hi.  A  correction  cycle  is  then  carried  out  to  efficient- 
ly reduce  errors  on  the  scale  of  hi .  This  involves  a  transfer  of  residual  errors  from 
level  2  back  to  level  1,  where  relaxation  again  gives  a  solution.  Finally,  the  solution 
on  1  is  linearly  interpolated  back  to  2,  followed  by  one  relaxation  sweep  on  2  to 
smooth  interpolation  errors  on  the  scale  of  hi.  The  process  continues  with  the  inter- 
polation to  level  3  and  so  on  until  eventually  terminating  on  level  Af ,  when  the 
algebcak:  error  is  reduced  bebw  the  inherent  truncation  error,  which  is  0{h^).  In 
terms  of  computational  work,  the  fmal  solution  on  level  M  is  obtained  in  roughly 
the  time  required  for  six  relaxation  sweq>s  on  level  Af . 

I  will  present  results  for  various  molecules  and  compare  them  to  predictions  of 
•Tiolecular  orbital  calculations. 


1.  E.  Ueb.  *mic  SubiUty  of  Matter."  Rev.  Mod.  Phys.  48. 553  (1976), 

2.  P.  Polilzer,  "Electrosutic  Potential-Electronic  Density  Relationships  in  Atoms/*  J, 
Chcm.  Phys,  72. 3027  (198C). 

3.  IC  Yonci,  "Extended  Thomas-Fcmii  Theory  for  Diatomic  Molecules,"  J.  Phys.  See, 
JapiASl,  882(1971). 
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4.  B.  laoob,  £.  K.  U.  Giott,  and  R.  M.  Dreizler,  **Sohition  of  the  Thomas-Fcrmi  Equadon 
fbrlVialoimc  Systems,**!.  Phyt.  B.  11. 3795  (1978). 

5.  0«W.  Pvker,  "^Numencal  Solution  of  the  Thomsft^Fcnni  Equation  for  Molecules,"  Bull 
Am.  Phys.  Sec.  32. 1084  (1987). 

6.  C  A.  Coubon  and  N.Ii  March,  *Thomas-Fermi  Fields  for  Molecule 

nd  Octahedral  Symmetry,**  Rroc  Camb.  Phil  Soc.  48, 665  (1952);  S.  Kobayashi,  T. 
Mattukuma,  S.  Na|ai,  and  K.  Umeda,  **Accurate  Value  of  the  Iidtial  Slope  of  the 
CMinaiy  TF  Function,**  I.  Phys.  Soc  Iipan  ZfK  759  (1955). 

7.  A.  Brardt,  Lecture  Notes  in  Mathematics,  vol.  960  (Berlin:  Springer,  1982>.  pp. 
220-31J. 


Numerical  Solution  of  Poisson's 
Equation  with  Applications  in 
Electrostatics  and  Magnetostatics 
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The  ^lution  of  Poisson*s  equ^Uon  with  Dirichlet  boundary  conditions  is  a  funda- 
mental  problem  in  electrostatics  and  magnetostatics.  A  general  approach  to  numer- 
ical solution  b^fisis  with  discretization  on  a  lattice  followed  by  a  relaxation  procrs^ 
to  drive  an  arbitrary  initial  solution  toward  the  exact  discrete  solution.  Of  course, 
any  singular  source  terms  must  be  transferred  to  the  left-hand  side  of  the  equation 
where  they  combine  with  the  potential  to  fomi  a  new  unknown  suitable  for  dis- 
cretization Cniylor*s  theorem). 

Different  ways  of  accomplishing  these  stq>s  have  been  discussed  in  the  physics 
literature  and  at  least  two  complete  programs  are  av&^lable.^  One  approach  makes 
use  of  existing  qmdsheet  programs  to  solve  the  di.«^iete  equations.  This  method 
focuses  attention  on  the  discrete  form  of  the  equation  and  the  boundary  values,  and 
the  resulting  solution  is  obtained  without  any  programming  being  required.  This 
method  is  limited,  in  practkre,  to  relatively  coarse  two-dunensional  grids.  The  two 
published  programs  solve  the  same  type  of  problems  with  essentially  die  same 
relaxatk>n  method  as  tiie  spreadsheet  approach,  but  they  provide  graphic  output 
that,  for  example,  shows  tbc  solutkm  developing  in  "machine  time,**  thereby  iUus* 
trating  the  relation  between  relaxation  and  diffusion.  Contour  plots  or  "density 
plots**  are  also  available.  Koonin's  open  program  could  be  modified  to  include 
additional  features.  Bodi  tiiese  programs  are  generally  used  with  relatively  coarse 
grids  (maximum  resolutions  are  24x32  and  23x79  points).  In  addition,  there  is  no 
provision  for  singular  sources  or  dielectric  boundaries. 

I  have  developed  a  program  diat  provides  a  more  detailed  analysis  than  those 
just  described  for  more  elabcnate  systems  wid)  the  same  two-dimensional  bound- 
aries. A  variable  number  of  plates,  wid)  specified  potentials,  can  be  placed  on  a 
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square  grid  of  q)acing  H  in  fairly  flexible  fashion.  For  example,  in  addition  to  the 
usual  parallel-plate  configuration,  they  can  intersect  or  can  be  merged  into  the 
boundaries  to  provide  for  a  variable  potential  akmg  any  of  the  four  boundary  walls. 
Line  charges,  variable  in  number,  strength,  and  position,  are  provided  as  well  as  a 
unifonn  charge  density  of  some  chosen  strength.  In  addition,  a  dielectric  boundary 
can  be  introduced  along  one  of  the  grid  lines,  dividing  the  rectangle  into  two 
regions. 

The  solution  is  obtained  using  Gauss-Seidel  relaxation  on  a  sequence  of  square 
grids^  fifom  the  coarsest  ^ing  //,  level  1,  down  to  level  M  with  the  finest  spacing 
A  a  //  /  2(W  - 1\  typically,  //  =  2  awl  iSf  =  4  or  5.  Multiple  grids  give  accelerated 
convergence  to  the  final  solution  on  level  M  by  calculating  corrections  on  the 
coarser  gridr>  by  relaxation,  which  arc  Uien  transferred  by  interpolation  back  to 

finer  grids.  The  sequence  of  grids  making  one  cycle  is  Af,  A/  -  1, 2,  1,  2  

Af  ~  1,  Af.  ^vi  least  three  cycles  are  used,  whk:h  i-,  equivalent  in  terms  of  computa- 
tional work  to  about  IS  relaxation  swee(>s  on  the  finest  grid.  This  reduces  tiie  alge- 
braic error  betow  the  inherent  truncation  error,  which  is 

Program  output  includes  data  needed  for  equipotential  contour  plots,  plots  of 
induced  charge  density  on  the  boundary  and  on  both  sides  o^  ^h  plate  (excq)t  at 
their  ends,  which  are  singular  points),  and  plots  of  Uie  bound  c'mrge  density  along 
the  dielectric  boundary. 

1  will  describe  four  examples  of  problems  that  may  be  treated.  (1)  A  line  of 
equally  q>aced  charges  within  a  grounded  box,  as  suggested  b)  a  Ss-xtion  in  the 
Rymnan  lectures.^  The  rapid  ^proach  to  a  uniform  field  is  easily  demonstrated  in 
a  contour  i^ot  (2)  Parallel  piatcs  joined  to  one  wall  of  Uie  boundary  at  a  common 
potential  to  form  a  cavity  open  at  one  end.  The  screening  effect  is  shown  by  a 
equipotential  plot  (3)  The  standard  parallel  plate  problem  with  the  additional  detail 
provided  by  plots  of  the  charge  density  on  the  plates.  As  the  plate  separation  is 
decreased,  the  density  on  the  plate's  inner  surfaces  approaches  uniformity  except 
near  the  ends.  (4)  A  superconducting  boundary  with  the  potential  replaced  by  the 
vector  potential  i4,(jc,y),  which  must  vanish  on  the  boundaries.  Line  charges 
become  line  currents  and  the  equipotential  plots  are  seen  to  now  give  field  lines  of 
the  magnetic  induction. 

1.  S.  E.  Koonin.  Computational  Physics  (Mcnlo  Park:  Benjamin/Cummin gs.  1<)86). 
example  6,  p.  290;  B.  Cabrera,  "Elcctromagneiism,"  Physics  Simulations,  vol.  2  (Santa 
Barbara:  Kinko's  Academic  Courseware  Exchange,  1986),  program  LAPLACE. 

2.  A.  Brandt,  Lecture  Notes  in  Mathematics,  vol.  960  (Berlin:  Springer.  1982).  dd 
220-311 

3.  R.  P.  Fcynmaa  R.  B.  Leighton,  and  M.  Sands,  The  Feynman  Lectures  on  Physics^  vol. 

2  (Reading:  Addison- Wesley,  1964),  section  7-5. 
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A  Computing  Laboratorv  for 
Introductory  Quantum  Mechanics 

Jetusa  V.  Kindarman 

Pk^sksDt^artmtnt,  Vfihrnrsky  ofCal^orma  ak  Los  Angeles,  Los  Angeles,  CA  90024 


We  have  developed  a  set  of  12  computing  pcoUems  to  be  solved  on  a  personal 
compiler  for  our  twc<<iuartcr  junior-level  quantum  mechanics  class  at  UCLA« 
These  piobknis  do  not  teach  any  new  concq)ts,  but  t^ 
in  ihe  le^uiea  and  devijop  the  irfiysicd 

new  way.  The  problems  duplicate  a  laboratory,  but  experiments  are  done  using 
compuien  Since  Ihis  wa^  the  Gist  time  computing  nrobtcms  were  assigned  in  this 
class,  this  Uboiatory  was  desigfiMed  as  an  ofi^ional^v  "ra-ciedit  component 

Except  for  a  package  for  three-dimensional  <>ra{:  ,  no  special  software  was 
developed  for  die  course.  The  computmg  problems  could  be  solved  by  writing  a 
program  or  using  a  software  package  like  Lotus  1-2-3  or  SuperCalci.  These 
spieadsbeet  padcages  were  chosM  because  they  can  be  learned  easily  »^ 
ily  generate  grq)hics— an  important  consideration  because  11  of  tiie  12  computing 
problems  hive  results  displayed  in  gnq;)hs.  Sonoe  of  these  results  will  be  presented 
in  this  paper. 

The  topics  of  the  computing  problems  are  as  follows: 

•  Properties  of  pn4>ability  distributions;  tiie  Gaussian  distribution;  superposition 
of  two  wave  functioas, 

•  The  uncertainty  principle;  determining  probabilities  by  calculating  areas  under 
the  probability-density  curves. 

•  Time  dependence  of  a  state  tiut  is  a  linear  combination  of  two  eigenstates  of  a 
particle  in  a  one-dimensional  inflnite-square  well. 

•  Eigenvalues  and  eigenionctions  of  a  flnite  one-dimensional  square  well. 

•  Numerical  solution  of  SchrMinger's  equation  for  a  potential  of  tiie  form: 

V«-Vo/(l-exp(~6absW/a)) 

(Vo,  6,  and  a  were  individualized  for  each  student) 

•  Angular  distributions  of  particles  moving  under  tiie  influence  of  a  central  poten- 
tial. 

•  Eigenvalues  and  e*genfunctions  of  an  inflnitely  deep,  spherically  symmetric 
welL 

•  Nun^erical  solution  of  SchrMinger  *s  equation  of  the  central  potential: 

V^-VJ{\-txp{-brla)) 

(y^  bznia  were  Individualtzed  for  e^ich  student) 
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•  Probability  densities  of  the  electron  in  the  hydrogen  atom;  three-dimensional 
plcis  of  the  probability  densities  in  the  jo  plane. 

•  Numerical  calculation  of  the  eigenvalues  and  eigenvectors  of  a  3  by  3  real-oper- 
ator matrix. 

•  Pie  deutenm  in  a  Yukawa  potential;  comparing  the  results  of  the  variational 
method  and  the  numerical  solution  of  the  SchrOdinger  equouon. 

•  The  anharmonic  oscOIaton  caiiparing  the  result  of  time  independent  pertmba- 
tioa  theory  with  the  numerical  ixdution  of  the  SchrOdinger  equation;  evaluation 
of  the  accuracy  of  the  numerical  solution. 

Students  had  one  or  two  weeks  to  complete  each  computing  problem.  A  labora* 
toiy  with  12  personal  computers  was  open  to  students  during  weekdays  and  a 
teaching  assistant  was  available  for  consultation  six  hours  a  week.  Because  the 
scope  of  each  problem  was  limited*  we  hoped  that  each  proUem  could  be  done  in 
under  two  hours  per  wect  However,  students  reported  spending  two  or  three  times 
this  amount  of  time. 

The  computirg  laboratory  is  interesting  and  unique  in  two  ways.  Fust,  it  covers 
the  variuy  of  topics  that  arc  introduced  in  an  undergraduate  class  in  quantum 
mechauKs*  Using  a  laboratory  format,  it  reinforces  tc^cs  discussed  in  leciutts  by 
assigning  related  experiments  on  computers.  Second,  since  the  students  do  all  titc 
woik  on  the  computer,  they  lum  numerical  analysis  and  computing  skQls,  in  addi- 
tion to  quantum  mechank:s.  Students  report  using  their  newfound  skills  for  other 
courses.  *\fter  they  have  learned  to  use  the  computer  to  graph  functions,  they  use 
this  skill  in  other  courses.  They  also  use  the  computer  for  the  data  analysis  and 
graphics  needed  in  upper-division  laboratories. 


The  Use  of  an  Electronic 
Spreadsheet  In  Physics 

Thurman  R.  Kremser 

department  of  Physics,  Albright  College,  Reading,  PA  J96I2-5234 
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Electronic  sp^cadshcc^s  have  many  applications  in  teaching  jAysics,  both  in  the 
classroom  and  the  laboratory.  They  can  be  used  to  collect  and  analyze  data  from 
laboratory  experiments,  to  solve  numerical  problems,  and  to  graph  and  plot  func- 
tions. The  purpose  of  this  workshop  is  to  inuoduce  the  novice  to  the  use  of  a 
q)readsheet  in  teaching  physics.  Participants  will  learn  how  to  create  a  spreadsheet 
temfdate  and  how  u>  plot  ijraphs  from  experimental  data  or  mathematical  functions. 
The  emphasis  will  be  on  graph  plotting.  The  workshop  will  be  based  on 
SuperCalcS  or  SuperCalc4,  using  the  IBM-PC  or  compatible.  Participants  are 
urged  '0  bring  blaric  fonnaued  disks  to  copy  templates  for  their  own  use. 
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Hie  woikshop  will  include  the  followtng  topics: 

C  mathn  ^nd  modes  cf  operation  of  a  spreadsheet  The  qxeadsheei  is  a 
icctau^  jlar  mt^  of  cells,  each  of  which  can  comain  text,  numerical  values,  or  for- 
mulas for  cateiJating  values.  The  user  can  view  the  contents  of  the  cells  in  the 
spreadsheet  mode,  and  can  cnie,  text,  fonnulas,  and  values  in  ihe  data^try  mode. 
The  command  mode  allows  editing  contents,  printing  output,  giaphing,  and  many 
more  functions, 

Daia  oftd  formula  entry.  The  data*entry  mode  is  entered  automatically  whenev- 
er numerical  values  or  formulas  are  entered  The  cursor  movement  kqrs  remain 
active  so  that  data  can  be  entered  anywhere  on  the  spreadsheet  CeUs  can  be  write- 
protected  to  prevent  the  accidental  loss  of  formulas.  Formulas  can  include  arith- 
metic«  trigonometric,  logarithmic,  and  exponential  functions;  relational  operators, 
logical  functions,  and  statistical  functions;  as  well  as  financial,  calendar,  and  sever- 
al special  functions  peitaining  to  qxeadsheet  operations. 

Creating  a  spreadsheet  template.  A  spreadsheet  template  consists  of  all  the 
instructions,  headings,  constants,  formulas,  and  column  widths  necessary  to  create 
a  form  for  easy  entry  of  data  and  calculation  of  results.  A  template  can  be  created 
and  saved  to  disk  for  future  use. 

Spreadsheet  commands  and  fitncdons.  Of  particular  interest  to  physicists  is  the 
use  of  the  qxtadsheet  to  obtain  grafriis  of  experimental  data  or  mathematical  func- 
tions. The  ''/View**  command  is  used  to  diq>Iay  data  in  the  form  of  gr^riis  on  the 
monitor,  the  dot-ma^  printer,  or  the  pen  plotter.  This  command  allows  the  user  to 
choose  the  range  of  data,  the  gr^)h  type,  scaling,  and  labeling.  The  ''/Replicate*'  (or 
"/Copy")  conunand  which  copies  a  formula  from  one  cell  to  many  cells,  is  indis- 
pensable in  using  the  q)readsheet  to  create  gr^)h$  of  fimctions. 

Applications.  Futidpants  in  this  workshop  will  use  a  qxeadsheet  template  to 
analyze  the  data  from  the  standard  Atwood  Machine  experiment  They  will  use  the 
data  to  obuin  a  graph  relating  the  accelerating  force  and  the  accelenuion.  From 
this  graph,  they  will  determine  the  mass  of  the  system.  Participants  will  also  use  a 
spreadsheet  template  to  calculate  the  position,  vek)city,  and  acceleration  of  a  body 
falling  in  a  resisting  medium,  with  the  resisting  force  proportional  to  velocity. 
Using  the  graphk:  ci4>abilities  of  the  spreadsheet,  they  will  pkx  gmphs  of  position, 
velocity,  and  acceleration  as  functions  of  time.  Finally,  participants  will  use  the 
spreadsheet  to  calculate  up  to  25  terms  of  the  Fourier  series  for  a  square  wave 
function.  Plots  will  be  obtained  for  any  number  of  terms  in  the  scries  up  to  the 
maximum. 
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Interference  Phenomena  Using 
Spreadsheet  Programs 

Rab#ft  Novak 

PkpksDipmlmim,  t<ma  Cotkit.  New  RocMk.  NY  fOSOl 


Q)mwcreiri%»tadilieai»q|iw  be  used  lo  analyze  experimental  daca^  and 
to  Bodd  tfMMical  problems.^  II  is  tt^^ 

fotm  fodi  compotatiooal  and  paphical  opeiatibns  than  to  me  a  hifh-level  Ian- 
giHce.  Ruler  niimmmpitfen  with 

becoming  more  iccessibk  to  introductory-level  smdents,  and  the  use  of  theae  can 
be  a  poivtiM  tool  in  kamtiig  pb^'sics.  Tto 
sprtsriAeel  program  to  present  stj^^ 

pheoonicna  can  be  described  in  terms  of  a  sinusoidal  wave  fo^ 

F{x^t)mA^{kx-w^  0) 

where  A  «  2x;  and  40  is  die  angular  frequency.  Fbr  two  waves  thai  interfere  with 
each  odier,  the  amplitttde  can  be  written  as 

The  intensity  of  ^  wave  pattern  is  proportional  to  die  square  of  the  amplitude. 
This  equation  can  be  solved  very  quickly  using  a  spreadsheet  program. 

We  use  a  Cbmpaq  ni  computer  (PC  compatible  with  640K  of  RAM.  CQK 
graphics  monitor.  12  MHz  ck)ck)  with  Lotus  1-2-3  (Release  2)  software  and  an  MS* 
DOS  Version  3  operating  system.  After  the  boot*up  prxedure.  S72K  is  available. 
The  qxeadsheet  program  requires  21SK  and  tiie  remainder  is  available  for  the 
qxtadsheel  file*  Figure  1  contains  a  screen  printout  used  for  tiie  standing  wave 
presentation. 

Information  is  written  into  the  spreadsheet  as  labels,  numerical  d2U.  or  formu- 
las; use  of  a  screen  cursor  indk:ates  the  location  of  die  information.  Hie  Ubels  in 
Figure  1  give  the  directions  for  entering  data  such  as  wave  velocity.  lengUi  of 
medium  to  be  shown,  wavelengdi.  and  amplitude.  The  frequency  and  the  position 
viduea  am  then  cakttU^  from  die  data  S!.Q)pli^  values  are  also 

calculated  and  presented  in  a  matrix  dial  consists  of  500  position  values  and  six 
time  values.  Gnphics  commands  plot  die  di^Iacements  as  a  function  of  position . 

The  vanities  are  written  in  column/row  format  (such  as  A12  or  G32);  con^ 
stanu  use  a  '^'^  symbol  widi  diis  format  The  initial  position  value  (A22)  taken 
as  zero.  Hie  formula  +  A22  +  $D$9/S00  is  pUced  into  A23  and  use  t)f  die  copy 
function  genennes  a  list  of  position  values.  Similariy.  a  formula  for  die  wave  form 
is  pliK^ed  into  die  C23  position  and  it  is  copied  for  aU  die  SCO  X  6  tim^ 
values.  The  graphing  commands  are  able  to  plot  die  function  for  die  six  times. 
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ABCOirON 

I  TVO  ONI  OIHmiONAL  iTAVtS  IMTSmtlHO  IN  A  LINBAII  NtOItm 

2 

3  Kaur  tmv*  v*looUy    mm4  UmUi  for  tfc«  mm4i%m  «t  M  m4  Of.  , 

4  For  ••(jU  ««ftv«,  •nt»r  «i*v»UnStli  CC13  mm4  013)  ftM  M»lltud*(CU  and  OU) 

5  tnur  «  nMAtlv*  M«v^Un«U  for  U*  wiU  «  «*i«tiv*  velocity. 
«  Fr«qu«noiM  mUI  b*  o«leuUt«4  «ut«Mtlo«Uy. 

7 

•  N»v«  velocity  (•/••o)»  100.0000 

9  Ungth  of  MdiMlCtt)'              SC. 0000 
10 

II  Novell  N«vo«2 

12 

13  Nov«Un«tli(ttM        20.0000  «AvoUM^Ii(ttM  •lO.OOOO 

U  .*A^Utudo(aM            S.OOOO  AaylitudoCa)*  S.OOOO 

IS  rr«<|uoncy(Ns)»          9.O000  rro9u«nor(Nt)s  f.OOOO 

l« 

)T  gfitor  tlM  Yoluoo  froa  Clt  throufli  M19. 
II 

19  TiMlooo) 

20  ?oiiiion 

21  (aotoro) 

ZZ  0.0000  « 

23  0.1000 

24  0.2000 

25  0.3000 
2f  0.4000 


0.0300      0.0100      0.0900      O.ISOO      O.liOO  0.1900 


3. 2391  3.9042  1.2391  •2.3911  •4.0000  -1.2391 

3.2349  3.9023  1.2399  -2.3900  -3.9990  -1.23S9 

3.2297  3.7997  1.2339  -2.3499  -3.992)  -1.2339 

3.2217  3.7973  1.2309  -9.3407  -3.9922  -4.2909 

3.2109  3.7742  1.2293  -2.3329  -S.9999  -1.2293 


FlflVfv  1.  ScrMn  printout  of  part  of  th«  •pr«adah«/et  to  illusuatd  ttanding 
wavat.  Tha  antira  apraadshaat  corttaina  522  rowa  and  8  cdumna. 


Figure  2  shows  the  screen  output  This  plot  shows  six  time  coiiflgurations  of  a 
staodtiigwive* 

Once  this  is  aetiq),  it  is  convenient  to  change  data.  Changing  a  wavelength  or  a 
velocity  automatically  changes  the  values  throughout  the  program.  Hiese  new  val- 


Graphical  praaantation  of  atrnding  wave  patterna  for  tha  data 
given  in  Ftgura  1. 
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lies  arc  viewed  graphically  by  ;>ressing  three  keys.  The  program,  as  set  up.  uses 
standard  rather  than  generalized  units  for  the  data*  Using  scientific  format,  magni- 
tudes q)pn)priate  to  visible  light  wavelengths  can  be  used  After  a  change  in  data, 
the  program  recalculates  all  the  values  in  less  than  IS  seconds;  the  plotting  routine 
takes  anodier  two  seconds  to  present  the  gr^h  on  the  screen. 

The  pk)t  in  Rgurc  3  illustrates  interference  that  produces  beats  at  a  point  In 
this  case,  the  ^ireadsheet  is  set  up  so  that  the  user  can  input  the  frequencies  and 
amiditude  of  the  two  interfering  waves,  ak)ng  with  the  time  range.  Both  the  beat 
and  the  average  frequencies  can  be  measured  from  the  plot 

II  the  plot  that  illustrates  Young*s  slits  (Hgure  4),  the  user  inputs  values  from 
the  slit  sqnration,  the  distance  from  the  slit  to  the  screen,  and  the  width  of  the 
screen.  The  image  screen  is  divided  into  1 ,000  points,  and  the  distance  between  the 
point  and  each  slit  is  calculated  for  each  point  The  two  interfering  functions  each 
have  a  different  optical  path.  The  plot  is  taken  at  one  time,  and  the  envelope  of  this 
function,  which  is  proportional  to  the  time  av^ge.  is  also  ploucd.  From  this  pre- 
sentation, actual  minimum  and  maxin  um  positions  can  be  obtained.  These  can  be 
easily  compared  to  expeiimental  or  theoretical  values. 

Spreadsheets  by  R.  Novak  for  Lotus  I -2-3  are  part  of  the  collection  Computers  in  Physics 
Instruction:  Software,  which  can  be  ordered  by  using  the  form  at  the  end  of  this  book. 
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Figure  3.  Superposition  of  two  waves  whose  frequencies  are  20  and  24  Hz. 
Their  corresponding  amplitudes  are  4  and  3, 


Figura  4.  Intensity  pattern  from  a  Young's  slits  computation.  The  distance 
between  the  slits  is  20  \l;  wavelength  is  500  nm;  and  the  distance 
from  slit  to  screen  is  1  m.  The  pattern  is  shown  for  one  time.  The 
envelope  function  that  reflects  the  time  average  is  also  plotted. 


1.  R.  Feinberg  tnd  M.  Knittel,  "Microcomputer  Spreadsheet  Programs  in  the  Physics 
Laboratory,"  Am.  J.  Phys.  53, 631  (1985). 

2.  T.  T.  Crow,  **Solutions  to  Laplace's  Equations  Using  Spreadsheets  on  a  Personal 
Computer."  Am.  J.  Phys.  55, 817  (1987). 


Wondering  about  Physics  . . . 
Using  Spreadsheets  to  Find  Out 

Dewey  I.  Dykstra,  Jr. 

Department  cf  Physics,  Boise  State  University,  Bcise,  ID  83725 

Robert  G.  Fuller 

Department  cf  Physics,  US.  Air  Force  Academy,  Colorado  Springs,  CO  80840,  on  leave 
from  the  Department  cf  Physics  and  Astronomy,  University  of  Nebraska,  Lincoln, 
NE  68588011] 


This  miniworiuhop  is  designed  to  introduce  physics  teachers  to  the  variety  of  ways 
that  spreadsheets  can  be  used  for  student  learning  in  physics.  The  participants  will 
undertake  investigations  drawn  from  the  S3  examples  in  our  book,  Wondering 
Q   \bota  Physics....Using  Spreadsheets  To  Find  Out.  llie  investigations  aii*  appropri- 
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ate  to  any  computer  and  any  standard  spreadsheet  software,  but  the  woicshop  will 
use  only  Macintosh  computers  and  the  Microsoft  Excel  spreadsheet  software.  Each 
partkqxuit  will  receive  a  complimentary  set  of  student  and  instructor  spreadsheet 
materials. 

ParticqMmts  are  not  required  to  have  previous  spreadsheet  experience.  Some 
knowledge  of  how  a  Macintosh  operates  with  a  mouse  and  buuon  clicks  will  be 
helpful. 

1.  (New  Yoric:  Wiley,  1988). 
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Tutorials  on  Motion 

C.  Frank  Griffin 

DepartmefU  cf Physics,  University  of/Javn,  Akron,  OH  44325 


Two  companion  computer  tutorials,  A  Tutorial  on  Motion  and  A  Tutorial  on 
Acceleration,^  have  been  written  for  the  Apple  11  series  of  microcomputers.  A 
Tutorial  on  Motion  was  on  the  aaft  courseware  editor's  list,  ^'FavcNrite  Courseware 
Programs  for  1988.**^  All  other  programs  on  the  aapt  list  were  experiment-inter- 
face packages. 

Learning  Difficulties  in  Kinematics 

The  difflculties  of  learning  kinematics  are  probably  the  most  thoroughly 
researched  of  any  learning  problem  in  introductoiy  physics.  In  an  investigation  of 
student  understanding  of  velocity  in  one  dimension,  Trowbridge  and  McDermott 
frnd  that  the  failure  to  make  proper  comparisons  of  velocities  for  two  simultaneous 
motions  can  be  attributed  to  use  of  a  position  criterion  to  uctf^ine  relative  veloci- 
ty.^ Peters  finds  iiat  students  in  an  honors  calculus  physics  course  draw  virtually 
indistinguishable  position-time  and  velocity-time  grs^hs  of  a  classroom  demon- 
stration*^  Similar  graphing  errors,  especially  with  negative?  velocity,  have  been  pre- 
sented at  meetings  by  Goldbeig  and  Anderson.^  Arons  discusses  the  importance  of 
grq>hs  in  helping  students  develop  conceptual  understar.ding,^  and  McDermott, 
Rosenquist,  and  van  Zee  have  published  a  comprehensive  study  of  the  difficulties 
of  pT2q}hing  and  kinematics.'^  This  research  as  well  as  the  considerable  teaching 
experience  of  myself  and  Lou  Turner,  my  coauthor  at  Western  Reserve  Academy, 
indicates  that  kinematics  is  not  only  a  very  difficult  subject  for  many  students  to 
learn,  but  it  is  also  an  area  full  of  misconcq}tions. 

TUt  most  common  problem  is  that  students  confuse  position  anvl  velocity. 
Given  a  position-versus-time  graph,  students  often  draw  a  velocity-vcrsus-time 
giaph  that  is  indistinguishable  from  the  position-versus-time  gr^h  even  after  hav- 
ing completed  an  introductory  college  physics  course.  In  addit'.on,  they  consider 
the  concept  of  negative  velocity  to  be  alien.  They  typically  believe  "You  go  or  you 
don*t  Ho\vr  can  you  have  a  negative  velocity?**^  They  have  difficulty  translating  a 
written  descrirUon  of  a  motion  into  an  accurate  graph  of  this  motion  and  vice 
versa.  Such  student  difficulties  cannot  be  overcome  in  the  amount  of  classroom 
time  typically  allotted  to  the  topic.  In  fact,  I  began  writing  these  tuu)rial  programs 
from  pure  frustration  when  I  was  auempting  to  teach  velocity  aiid  deceleration  in 
the  conceptual  style  of  Arons.^  Even  when  I  devoted  one  week  of  Iccuire  lime  to 
acceleration,  the  students  still  had  trouble.  These  tutorials  give  the  student:;  addi- 
tional guided  leammg  in  kinematics. 
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Description  of  Software 

The  ideas  of  kinematics  build  one  upon  the  other.  We  prefer  the  tutorial  format  for 
the  comprehensive  develq;)ment  of  kinematic  concepts  because  it  allows  a  struc- 
tuitd*  sequential  development  of  ideas.  The  software  controls  the  content  and  order 
of  pies^tation  of  the  material.  The  student  controls  the  pace  and  can  repeal  a  step 
at  any  time. 

Our  tutorials  supplement  the  standard  lecture  and  laboratory  approaches  to 
teaching  one-dimensional  kinematics  to  high  school  and  coU^  stud^ts.  They  use 
several  descriptive  representations  of  motion,  including  verbal  descriptions,  strobe 
records  of  a  simulated  moving  automobile,  and  graphs  of  position  versus  time, 
vekxity  versus  time,  and  acceleration  versus  time. 

A  TiUorial  on  Motion  is  a  series  of  programs  on  position  and  velocity.  Each  pro- 
gram introduces  ai  idea  with  a  tutorial  and  then  tests  and  reinforces  the  idea  with  a 
quiz«  The  fifont  side  of  the  disk  is  devoted  to  position  and  the  back  side  to  velocity. 
The  major  topics  of  "Position*"  are  position,  position  change,  strobe  records,  and 
graphing  of  position  versus  time.  A  Tutorial  on  Motion  introduces  position  and 
velocity  in  a  very  concrete  fashion.  In  ''Position,"  a  measuring  scale  is  placed 
beside  a  rozd  with  a  car  on  it  An  arrow  points  from  the  front  of  the  car  to  the  scale 
to  marie  the  position  of  the  car.  '^Position  Change''  has  the  car  move  and  arrows 
show  its  displacement  along  with  numerical  values.  Both  of  these  p^'ograms  are 
followed  by  quizzes. 

Grs^hii>g  creates  a  strobe  record  paralleling  the  5-axis  of  the  position-vcrsus- 
time  graph.  The  car  moves,  leaving  the  strobe  record  simultaneously  with  the  plot* 
ting  of  a  point  cn  the  S-T  graph,  giving  the  student  an  opportunity  to  integrate  and 
compare  the  motion  and  both  modes  of  representing  motion.  A  particular  goal  of 
this  program  is  to  demonstrate  that  a  graph  is  a  strobe  record  with  each  strobe  track 
displaced  horizontally  in  equal  increments  to  represent  the  time.  The  difnculties 
students  have  with  motion  in  a  negative  direction  is  overcome  here  and  elsewhere 
by  constantly  comparing  motion  in  both  positive  and  negative  directions. 
Differences  between  graphs  of  cars  speeding  up  and  slowing  down  are  also  shown. 

Velocity  is  introduced  in  terms  of  the  familiar  speedometer  rather  than  as  dis- 
placement divided-by-time  interval.  The  velocity  tutorials  simulate  the  motion  of 
the  car  along  the  track  while  showing  the  corresponding  speedometer  re^ding$. 
The  speedometer  displays  negative  values  when  the  car  backs  up.  Initially,  the 
scale  is  shown  horizontally  just  below  the  horizontal  road.  Next  the  speedometer 
scale  is  rotated  vertically  so  that  it  matches  the  velocity  scale  of  an  S-T  graph 
shown  just  to  the  right  of  the  speedonieter  scale.  The  student  observes  simultane- 
ously the  motion  of  the  car,  the  speedometer  reading,  and  the  corresponding  points 
plotted  on  the  5-7  graph.  Since  the  V  values  on  the  S-T  graphs  match  the  strobe 
record  of  the  speedometer  needle,  the  S-T  plot  is  convincingly  shown  to  be  a  plot 
of  speedometer  readings.  The  last  tutorial  relates  the  slope  of  the  S-T  graph  to 
velocity.  In  this  step-by-stcp  fashion  the  complexities  of  the  simulated  motions, 
strobe  records,  and  S-T  plots  are  gradually  developed  and  tied  together.  The 
quizzes  ask  the  student  to  match  car  motions  with  i-T  graphs,  strobe  records  with 
^  *'-r  graphs,  and,  finally,  S-T  against  S-T  graphs. 
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After  going  through  the  programs  on  A  Ttaorial  on  Motion,  the  student  should 
be  able  to  translate  from  one  of  the  following  ways  of  representing  motion  to 
another  verbal,  strobe  records,  and  grq)hs  of  S-T.  That  is,  given  any  one  of  these 
v/ay$  of  representing  motion  (strobe  track  for  example)  the  student  should  be  able 
to  produce  or  recognize  the  corresponding  version  of  any  of  the  other  rq)rescnta- 
tions»  including  a  simulation  of  the  motion  itself. 

Students  need  a  conceptual  understanding  of  acceleration  before  they  can  grasp 
Newton*$  laws.  Although  students  intuitively  relate  force  and  velocity,  they  do  not 
intuitively  relate  force  and  acceleration.  This  failure  of  intuition  may  happen 
because  they  observe  position  and  displacement  directly  and  must  infer  or  calcu- 
late velocity  and  acceleration.  Moreover,  I'he  direction  of  motion  is  the  same  as  the 
direction  of  velocity  but  it  may  or  may  not  be  the  same  as  the  direction  of  accelera- 
tion. 

The  typical  textbocdc  begins  instruction  on  acceleration  with  the  statement  that 
acceleration  equals  change  in  velocity  divided  by  the  time  interval.  We  believe  this 
a[^roach  is  too  abstract  Our  belief  is  borne  out  by  the  research  of  Trowbridge  and 
McDermott,  which  shows  that  many  students  cannot  interpret  S-T  graphs,  tell 
velocity  from  acceleration,  nor  even  velocity  from  position.^^  Our  philosq)hy  in 
writing  these  programs  is  that  learning  occurs  best  when  the  idea  being  taught 
builds  on  what  is  already  known. 

The  approach  in  A  Tutorial  on  Acceleration  is  similar  to  *hat  in  A  Tutorial  on 
Motion,  Items  are  familiar— a  moving  car,  a  speedometer,  and  its  moving  nee- 
dle— ^and  there  is  simultaneous  plotting  and  strobe  recording  of  their  motions. 
Since  acceleration  is  a  complicated  concept,  the  direction  of  acceleration  and  its 
magnitude  are  taught  separately.  To  teach  the  direction  of  acceleration,  the  program 
compares  velocity  and  acceleration  in  different  ways.  First  the  position  change  of  a 
car  along  a  scale  is  simulated  and  calculated  using  AS  =  S2-S\.  An  arrow  is  added 
to  show  the  direction  of  the  position  change.  In  parallel  fashion  a  simulated  motion 
of  a  car  on  a  road  is  shown  and  movement  of  the  speedometer  needle  along  its 
scale  is  shown.  Th*;  velocity  change  is  calculated  using  AV  =  V2-V1,  and  an  arrow 
is  added  to  show  the  direction  of  the  velocity  change.  This  makes  concrete  the  def- 
inition of  the  direction  of  acceleration.  Second,  simulated  motions  that  produce 
straight-line  5-r  graphs  are  compared  with  those  that  produce  5-T  graphs.  The 
standard  definitions  of  velocity  and  acceleration  in  terms  of  slopes  are  presented 
and  correlated  to  the  respective  gr^h.  The  relationship  of  the  sign  and  direction  of 
the  kinematic  quantities  to  the  slopes  is  also  demonstrated  with  simulations. 

The  relationship  of  magnitude  of  acceleration  to  the  steepness  of  the  slope  of 
the  5-7  gr^h  is  illustrated  by  showing  simultaneously,  the  motions  of  the  car  and 
speedometer  needle.  The  speedometer  needle  moves  along  the  V-scale  of  an  S-T 
gczph  while  t:;e  gr^h  is  plotted.  The  car  speeds  up  or  slows  down  at  different  but 
constant  rates  and  the  slopes  of  the  5-7  graph  are  compared.  Each  of  the  ideas  pre- 
sented in  tutorial  format  is  followed  by  a  quiz  to  reinforce  the  idea  and  test  the  stu- 
dent's comprehension. 

The  second  side  of  the  acceleration  disk  relates  strobe  records  and  position-time 
graphs  to  acceleration.  We  think  it  is  particularly  important  for  the  student  to  make 
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the  connection  between  these  rcpreseniaiions  of  motion  and  acceleration  to  under- 
stand Newton*s  second  law.  Positions  and  displacenoents  are  observed^  but  acceler- 
ation, which  must  be  inferred  from  these  observations^  is  related  to  force.  Through 
simultaneous  car-motion  simulations  with  plotting  of  ^Taphs  followed  by  discus- 
sion of  change  in  slope,  the  program  leads  the  student  to  see  the  relationship 
between  the  curvature  of  a  plot  and  irxeleiation. 

**Stn>be  Record  and  Acceleration**  explains  how  to  use  the  strobe  record  of  an 
object  to  establish  whether  the  object*s  acceleration  is  a  constant  If  the  accelera- 
tion is  constant,  the  difTerence  between  strobe  steps  is  a  constant  The  program 
describes  how  to  find  the  value  of  the  constant  acceleration  from  the  strobe  step*?. 

After  studying  A  Tutorial  on  Acceleration,  the  student  should  be  able  to  (a) 
observe  the  strai^t-line  motion  of  an  object  and  correctly  indicate  the  direction  of 
acceleration  of  the  object,  (b)  determine  both  the  direction  and  relative  magnitude 
of  the  acceleration  of  the  object  from  either  an  S-T  graph  or  an  S-T  grs^h  of  the 
object*s  motion,  and  (c)  study  both  strobe  records  and  S-T  graphs  and  identify 
cases  of  constant  acceleration  and  the  value  ol  this  constant  acceleration. 

The  24  page  manual  that  accompanies  A  Tutorial  on  Motion  has  seven  example 
problems.  The  manual  that  accompanies  the  acceleration  disk  includes  24  pages  of 
worksheets  that  may  be  photocopied  for  student  use.  TNventy-  one  sample  test  ques- 
tions are  also  included. 


Instructional  Value  of  Computers 

The  computer  is  an  ideal  vehicle  for  teaching  motion.  Piaget  has  taught  that  every- 
one goes  through  a  concrete  stage  of  reasoning  before  maturing  into  a  student 
capable  of  using  formal  or  abstract  reasoning.  Even  a  student  who  is  already  a  for- 
mal thinker  may  go  through  a  brief  stage  of  concrete  reasoning  when  encountering 
an  unfamiliar  topic.  The  concrete  thinker  studying  motion  benefits  from  minimiza- 
tion of  the  lime  between  seeing  a  motion  and  the  rcprescniaiion  of  that  motion.  The 
computer  can  not  only  show  the  student  a  simulated  motion  (for  example,  a  car 
decreasing  its  speed  while  going  in  the  positive  direction),  but  also  simultaneously 
show  (a)  a  strobe  record  of  the  motion,  (b)  the  position  and  movement  of  the 
specdomelcr  needle  along  its  scale,  (c)  a  position-time  graph,  or  (d)  a  velocity-time 
graph  of  the  motion.  If  desired,  the  student  can  sec  the  motion  and  the  construction 
of  its  representation  repeated  until  he/she  understands  both.  Seeing  a  real  motion 
and  its  almost  immediate  position-time  graph  has  just  recently  become  possible 
with  the  advent  of  the  sonic  ranger.  Laboratory  activities  or  class  discussion 
including  use  of  a  sonic  ranger  followed  by  use  of  these  d>sks,  provide  the  student 
with  a  rich  variety  of  experiences  leading  to  an  improved  understanding  of  motion. 

These  tutorials  provide  students  with  individual  tutoring  time,  which  is  rarely 
available  from  a  teacher.  This  software  is  patient  and  nonjudgmental.  Students  can 
work  through  it  at  their  own  pace,  repeating  any  tutorial  as  often  as  they  like.  They 
can  also  review  any  section  and  skip  sections  previously  mastered.  However,  stu- 
dents always  have  the  option  of  repealing  sections  if  they  need  additional  work. 
^  Each  exercise  on  the  disk  has  been  written  so  ihat  when  students  believe  the  mate- 
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rial  has  been  mastered,  they  may  exit  and  move  on  to  the  next  exercise,  allowing 
mocc  knowledgeable  students  to  spend  ^ess  time  on  an  exercise.  Struggling  stu- 
dents can  rqpeat  a  motion  and  the  simulu^ieous  creation  of  a  record  of  it  until  they 
understand  the  relationship  between  them.  They  can  take  quizzes  more  than  once 
because  the  order  of  the  questions  is  randomly  generated  by  the  computer. 

Classroom  Management 

Making  computer  tutorials  available  to  students  on  an  individual  basis  means  sui- 
dents  must  have  access  to  computers.  At  the  University  of  Akron,  six  Apple  com- 
puters are  available  to  students  for  25  hours  each  week.  This  has  proved  adequate 
for  up  to  110  studenb.  At  Western  Reserve  Academy,  suidents  are  allowed  to  use 
the  software  in  the  school  library,  and  they  have  access  to  this  library  at  night  If  a 
hi^  school  physics  teacher  does  not  have  microcomputers  for  use  in  his  personal 
class,  the  Ubmy  is  an  excellent  place  to  provide  such  computers.  Pressure  should 
be  brought  to  bear  en  administrators  to  provide  such  facilities. 

Significant  Instructional  Features 

As  already  mentioned,  the  use  of  graphics  to  show  a  car's  motion  and  its  various 
motion  representations  simultaneously  is  the  most  important  feature  of  this  disk. 
There  are  several  additional  insuiictional  techniques  that  make  the  disk  unique. 

1.  The  use  of  a  speedometer  has  a  negative  as  well  as  a  positive  scale.  In  the  world 
outside  of  the  physics  classroom,  no  one  ever  talks  about  positive  or  negative 
vetocity.  Yet  when  sUidents  enter  a  physics  classroom,  they  suddenly  learn  that 
positive  and  negative  signs  are  the  accepted  way  of  indicating  direction.  This 
speedometer  is  an  important  teaching  device  of  both  disks. 

2.  The  speedometer  determines  the  direction  of  the  acceleration.  The  direction  of 
displacement  of  the  needle  on  the  speedometer  scale  is  compared  with  the 
direction  of  displacement  of  the  car  to  introduce  the  direction  and  sign  of  accel- 
eration. 

3.  The  relationship  between  the  direction  of  acceleration  and  the  curvature  of  the 
S-r  graph  is  introduced. 

4.  The  motion  of  the  car  or  speedometer  needle  close  beside  and  parallel  to  the 
graph  being  ploucd,  reinforces  the  meaning  of  ihc  graph. 


Quizzes 

Most  of  the  quizzes  use  one  of  two  techniques  to  make  each  repetition  a  different 
experience.  Several  of  the  quizzes  on  the  disk  have  infinite  loops.  The  computer 
will  provide  randomly  generated  problems  for  the  student  to  analyze  for  as  long  as 
the  student  wants  to  continue.  In  other  quizzes  the  answers  are  presented  in  a  ran- 
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dom  order  in  a  sequential  multiple^choice  format  The  answers  appear  in  a  differ- 
ent order  each  time  the  quiz  is  used.  Thus  the  correct  choice  can  q)pear  first*  sec- 
ond, or  ilfih  in  the  list,  and  different  incorrect  choices  are  likely  to  be  presented 
before  the  correct  choice. 

Motivational  reinfoicement  is  provided  with  correct  responses.  Most  students 
get  a  kick  out  of  receiving  these  compliments.  There  are  23  of  these  compliments 
n  am  impressed,-  **I  am  proud  of  you,-  "Keep  up  the  good  woric*0  built  into  the 
I^ogramSt  and  they  are  chosen  randomly.  In  about  SO  percent  of  the  quizzes  a  tally 
of  student  responses  is  kept,  and  >vhen  the  student  is  flnisl.  J  the  number  of  correct 
and  incorrect  responses  is  displa/ed  along  with  a  percent  score. 

Professional  Quality 

A  number  of  the  publk:  domain  programs  and  .some  commercial  ones  show  a  num- 
ber of  annoying  qualiUcs.  Several  I  Return]  m?iy  be  stored  in  the  keyboard  buffer, 
resulting  in  an  unexpected  flipping  forward  of  several  screens,  r^umcric  input 
when  string  input  is  expected  might  cause  the  program  to  crash.  Several  [Returnl 
when  input  is  expected,  can  cause  a  menu  to  scroll  off  the  lop  of  the  screen. 

None  of  these  difficulties  occur  with  these  tutorials.  The  only  known  way  to 
crash  a  program  is  by  pressing  fctTH  [Return).  Student  input  is  always  compared 
against  an  answer  set  presented  at  tiie  time  a  response  is  requested.  Any  keyboard 
entry  not  from  this  set  will  be  ignored  and  a  bell  will  ring. 

The  fEscI  key  almost  always  exits  the  student  from  a  program  when  a  response 
is  requested.  In  A  Tutorial  on  Acceleration,  the  student  may  flip  pages  backward  to 
review  or  flip  p^gcs  fon^ard  to  skip  over  material  already  covered.  These  two  fea- 
tures give  the  student  a  great  deal  of  flexibility  in  going  through  a  tutorial. 

Evaluation 

There  have  been  no  controlled  studies  of  the  impact  of  thi.  .sk  on  student  learn- 
ing, but  a  comparison  can  be  made  due  to  an  unscheduled  remodeling  problem. 
After  this  program  had  been  used  f .  i  three  years  at  the  University  of  Akron  in  the 
algebra-based  physics,  the  computer  room  was  remodeled  during  the  fall  of  1987 
and  these  tutorials  were  not  available  to  the  students.  The  lectures  were  no  differ- 
ent and  the  weekly  tests  on  kinematics  were  approximately  equivalent  in  complexi- 
ty to  previous  years.  The  average  grade  dropped  nine  percent  for  the  class  that  did 
not  have  access  to  the  computer  tutorials. 

Student  responses  at  Western  Reserve  Academy  and  the  University  of  Akron 
have  been  overwhelmingly  favorable.  Wriuen  evaluations  indicate  that  students 
think  the  explanations  are  clear,  the  graphics  helpful  and  interesting,  the  ideas  clar- 
ifled,  and  they  say  that  their  overall  understanding  of  motion  has  been  improved. 
At  the  University  of  Akron,  where  computer  study  is  optional,  our  records  show 
that  75  percent  of  the  students  view  the  programs  on  the  two  disks  an  average  of 
five  hours.  Students  gather  in  groups  to  study,  sharing  questions  and  explanations 
with  each  other  as  they  work  through  the  programs.  We  think  this  group  work  also 
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enhances  learning.^ '  Students  seem  to  enjoy  the  programs,  the  puzzling  questions, 
and  the  sometimes  surprising  answers.  We  have  heard  several  times,  "Now  I 
understand  what  you  were  talking  about  in  class.** 

The  most  dramatic  demonstration  of  the  value  of  this  software  is  the  dismay 
expressed  by  siodents  when  they  learn  that  we  have  no  other  computer  tutorials 
available  to  them  after  kinematics. 
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Acceleration  (CX)MPress,  P.O.  Box  102,  Wentwoith,  NH  03282, 800-221*0^  19.) 

2.  J.  S.  Rislcy,  "^hly  Favorite  Physics  Courseware  Programs  for  1988,**  aapt  Announcer 
17,94(1987). 

3.  D.  E.  Trov '  '  and  L.  C.  McDcrmoti,  "Investigation  of  Student  Understaikding  ot 
the  Concept  of  Velocity  in  One  Dimension,**  Am.  J.  Phys.  48, 1020  (1980). 

4.  P.  C.  Peters,  "Even  Honors  Students  Have  Conceptual  Difficulties  with  Physics.*^  Am. 
J.  Kiys.  50,501(1982). 

5.  F.  Goldberg  and  J.  Anderson,  "Student  Difficulties  with  Representations  of  Rectilinear 
Motion,**  AAPT  Announcer  14, 78  (1984). 

6.  A.  B.  Arons,  "Student  Patterns  of  Thinking  and  Reasoning,  Part  Three,"  Phys.  Teach. 
21,88(1984). 

7.  L.  C.  McDermott,  M.  L.  Rosenquist,  and  E.  H.  van  Zee,  "Student  Difficulties  in 
Connecting  Graphs  and  Physics:  Examples  from  Kinematics,**  Am.  J.  Phys.,  55,  503 
(1987). 

8.  Goldberg  and  Anderson,  "Student  Difficulties.** 

9.  A.  Arons,  The  Various  Language  (New  York:  Oxford  University  Press,  1977). 

10.  Trowbridge  and  McDermott,  "Investigation  of  Student  Understanding /* 

11.  E.  R.  Games,  J.  S.  Lindbeck,  and  C.  F.  Griffm.  "Effects  of  Group  Size  and  Advance 
Organizers  on  Learning  Parameters  when  Using  Microcomputer  Tutorials  in 
Kinematics,**  J.  Res.  Sci.  Teach.  24, 781  (1987). 


CAI:  Supplementing  the 
Noncalculus  Introductory  Course 

Lisa  Grable-Wallace,  Joyce  Mahoney,  and  Prabha  Ramakrishnan 

Department  cf  Physics,  North  Carolina  State  University,  Raleigh,  NC  27695-8202 


Teacher  input  and  supervision  is  an  inlcgini  part  of  adding  computers  to  the  class- 
room environment  Instructors  must  c'loosi*.  computer  courseware  that  will  rein- 
force and  enhance  concepts  presented  to  the  students  by  other  means. 

At  North  Carolina  State  University  v/e  hav^j  launched  an  ambitious  project  to 
incorporate  microcomputer  lessons  into  a  one-semester,  noncalculus  introductory 
physics  course  that  covers  mechanics,  heat,  wave  motion,  and  sound.  The  students 
typically  enrolled  in  this  course  are  reluctant  to  use  microcomputers,  lack  confi- 
dence in  their  ability  to  succeed  in  physics,  and  fail  to  see  the  relevance  of  physics 
to  their  own  experience.  Our  aim  is  to  create  a  schedule  of  computer  assignments 
to  accompany  the  material  presented  in  tne  course  and  textbook.  We  have  written 
Q     workbook  exercises  to  better  involve  students  in  the  computer  activities  and  to  help 
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increase  Ihf  letentkm  of  Use  material.  These  exercises  consist  of  instructions  for 
using  the  courseware,  questions  to  answer  while  working  with  the  program,  and 
ptoUems  to  scdve  after  completii^  the  lesson.  The  completed  woiksheets  are  grad- 
ed as  bomeworic  assignments. 

Afler  reviewing  61  pcQgrams,  we  chose  19  courseware  packages  for  the  com- 
puter assignoients.  The  majority  of  the  piQgrams  used  in  the  assignments  are  Uito- 
rials  that  present  a  text  treaunent  of  the  topic,  teach  a  problem-solving  method,  or 
deliver  drill-and-practice  proUem  solving.  Our  most  important  consideration  in 
selection  was  the  accuracy  a?Hi  clarity  of  the  physics.  Other  criteria  included  the 
amount  of  user  interaction,  the  quality  of  the  graphics,  and  how  much  time  an  aver- 
age student  needed  to  complete  the  program. 

Woricshop  participants  will  receive  hands-on  experience  with  courseware 
lessons  from  different  portions  of  the  course.  The  workshop  will  allow  participants 
to  see  for  themselves  the  strengths  and  weaknesses  of  various  commercial  software 
packages. 


CAI  Geometric  Optics  for  Pre-College 


Betty  R  Preece 

Melbourne  High  School,  Melbourne,  32901 


This  will  be  a  demonsuati'  '^f  the  use  of  software  to  teach  optics  in  the  high 
school  physics  classroom.  1  ic  such  software  to  demonstrate  properties  and  the 
associated  equations  of  mirrors  and  lenses.  Students  carry  out  lab  activities  and  are 
then  asked  to  summarize  what  they  have  learned  and  to  compare  their  summaries 
with  the  situations  shown  in  the  software.  All  sUidents  are  required  u>  provide  solu- 
tions for  various  situations  shown  in  the  software.  I  offer  extra  credit  for  additional 
solutions.  Students  can  scan  the  software  both  during  and  outside  regular  class 
times. 

I  also  use  u.c  software  for  final  visual  review  of  the  properties  of  mirrors  or 
lenses.  Students  usually  indicate  that  this  final  viewing  of  how  images  are  formed 
enables  them  to  really  understand  geometric  optics. 

I  will  present  the  syllabi  for  a  unit  on  geometric  optics  for  regular  and  honors 
seconds  *  physfcs  at  Melbourne  High  School.  They  include  labs,  observations  by 
students,  demonstrations,  problems,  tests,  and  software.  I  will  also  show  examples 
of  how  I  have  integrated  commercial  software  programs  into  my  courses  wiih 
teacher  and  student  interaction.  Although  my  syllabi  are  keyed  to  Holt's  Modern 
Physics  by  Williams,  Trinklein,  and  Metcalf  and  to  Allyn  and  Bacon's 
Physics^ts  Methods  and  Meanings  by  Taffel,  ^hey  can  easily  be  adapted  to  any 
texts  at  the  precoUege  or  introductory-college  levels.  Copies  of  the  syllabi  will  be 
available. 
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Microcomputer-Delivered 
Homework 

Rolf  C.  Enger  and  Gary  L  Lorenzen 

Dtpmmm  ^Fky^,  US.  Air  Force  Academy,  Colorado  Springs,  CO  80840  570 J 


Aiguiiif  thr^  studems  must  piactice  solving  problems  if  they  are  tnily  to  learn 
physicst  meinbefs  of  the  physk:s  depaitment  at  the  U 
written  a  tompufer  program  designed  to  deliver  numerical  physics  problems  with 
randomly  chosen  dattu  Pedagc^gically,  the  computer  adds  little  to  the  exercise.  The 
compoier  encourages  students  to  practice*  but  the  problems  themselves  ait  no  dif- 
ferent than  end-of<hi9>ter  problems  in  most  introductory  physics  texts. 

The  use  of  the  computer  does*  however,  have  advanti^es.  Eat,  the  random- 
number  generation  m^es  it  difficult  for  students  to  bypass  problem  solving. 
Second,  the  computer  reduces  the  administrative  burden  associated  with  grading 
homework.  Last  fall*  for  example*  approximately  39,000  problems  were  success- 
fully completed  by  our  students.  The  actual  number  of  problems  worked  and  grad- 
ed was  probably  several  times  thij  figure,  since  moPi  students  required  several 
attempts  on  a  given  problem. 

The  program  was  first  put  into  place  in  1984.  Cbmputerized  physics  problems 
were  delivered  on  several  networiced  computers  placed  in  a  classixxmi.  Students 
came  to  the  classroom  both  to  receive  and  answer  the  problems.  They  liked  the 
idea  of  receiving  points  fof  correctly  solving  problems,  but  they  didn't  like  coming 
to  class  to  solve  them  or  standing  in  line  to  gain  access  to  limited  computer 
resourcei  We  were  concerned  about  the  access  problem,  but  were  so  encouraged 
by  the  improved  test  performance  that  typically  foHowed  a  computcr*delivered 
problem  sesskm  that  we  continuec  to  operate  the  system. 

The  access  problem  has  recency  been  solved.  Beginning  with  the  class  of  1990. 
all  USAP  Academy  cadets  purchase  a  Zenith  Z-248  microcomputer  (IBM  AT 
ck>ne).  In  August  of  1987  we  traa^ierred  our  in-class  problem-delivery  system  to 
the  dormitories  and  gave  it  a  new  name,  the  Microcomputer-DeUvered  Problem 
(MDP)  system. 

The  MDP  system  is  programmed  in  Borland's  Turbo  Pascal,  which  can  be 
compiled  for  MS-DOS  and  several  other  operating  systems.  Each  physics  problem 
contai;xd  in  the  MDP  system  is  programmed  as  a  separate  subroutine,  which  per- 
mits the  value  of  variables  used  in  the  problem  solution  to  be  randomly  generated. 
A  ^ial  editor.  MDPAUTHRJ'AS,  automatically  writes  the  Turbo  Pascal  code. 
The  system  comes  with  a  woricsheet  that  hips  an  author  of  new  problems  deter- 
mine the  parameters  required  by  the  MDP  system.  Further  instructions  are  provid- 
ed in  "README**  files. 

Operation  of  the  MDP  program  is  very  simple.  The  student  simply  enters 
""MDP^  at  the  operating  system  prompt  The  rest  of  the  program  is  menu  driven. 
When  a  student  takes  a  test  (one  of  the  menu  options),  the  program  automatically 
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creates  a  pctsonal  database  (called  PHYS110.DAT)  for  that  student  Only  one 
datatMise  may  be  present  on  each  fk^y  disk. 

When  student  successfully  coniplete  an  MDP  problem,  a  score  is  awarded  aiKl 
recorded  in  the  student's  own  personal  database.  That  database  is  periodically  sub- 
mitted to  the  student's  instructor  so  that  the  student's  score  can  be  recorded. 
Identifying  information  is  encrvled  in  the  database  in  order  to  prevent  students 
horn  submitting  someone  else's  database  as  their  own.  The  system  also  records 
infoimation  about  un^-on-uisk  and  number  of  'iries*  This  allows  us  io  determine 
which  questions  are  the  most  diiTtcult  We  hope  eventually  to  offer  hints  and  tutori- 
al sappott  for  the  more  diflicult  problems. 

Student  req)onse  to  the  MD?  system  has  been  extremely  favorible.  Last  fall,  74 
percent  of  the  students  said  they  thought  the  MDP  system  was  a  good  idea. 
Instructor  re^nse  has  also  been  favorable.  Ihc  MDP  system  gives  insuuctors  z 
way  of  grading  homework  without  hiring  teaching  assistants.  Our  faculty  is  much 
too  small  to  manually  grade  a  volume  of  more  th^n  39,000  problems  successfully 
completed  and  several  times  that  many  attempts. 

Though  the  MDP  system  worics  well,  we  arc  planning  a  numl^i  of  improve- 
ments, including  partial*credit  grading  ai.d  tutorial  support 

Admmistration  of  the  MDP  system  is  as  important  as  the  program  itself. 
have  been  disturbed  that  m  ny  students  wait  until  the  last  minute  to  solve  the  MDP 
problems.  Last  fall,  we  had  j.  st  two  deadlines,  one  at  midterm  and  the  other  at  >he 
end  of  the  course.  An  informal  analysis  done  during  summer  school  1987  suggest- 
ed that  students  who  waited  until  just  before  the  final  exam  to  solve  most  problems 
benefited  little  from  the  MDP  experience.  Thus,  in  the  spring  of  1988  we  experi- 
mented with  two  strategies  designed  to  encourage  a  more  consistent  pacing 
throughout  the  semester.  Results  are  not  ye^  available  as  of  this  writing. 

The  MDP  system  allows  us  to  take  a  problem-solving  pedagogical  approach  to 
physics  teaching  without  tl. .  burden  of  manual  grading.  Students  like  the  immedi- 
ate feedback  and  rew  xd  (points).  The  system  is  only  a  first  step.  It  clearly  could  be 
the  core  of  a  much  laigrr  and  more  sophisticated  system.  We  think  it  is  a  fu-st  step 
well  wonh  taking,  and  encourage  others  to  take  this  fu^t  step  mth  us. 

The  software  program  MicrocompusenDelivered  Problem  System  is  part  of  the  collcciion 
Computers  in  Physics  Instruction:  Software,  which  can  be  ordered  by  using  the  form  al  the 
end  of  this  book. 

1.  Lee  W.  Schrock  and  Mark  V.  ToHcfson. 
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Electronic  Textbook:  A  Modei  CAI 
System 

Duli  C.  Jain  and  Frank  R.  Pomilla 

Department  cf  Physics,  York  CoUsge,  Jamaica,  NY  J 145  J 


Electronic:  Textbook  is  an  innovative  concqH  combining  the  traditional  textbook 
approach  to  physics  instruction  with  modem  microcomputer  technology. 
Electronic  Textbook  allows  a  Iogk:al  devetopmcnt  of  physks  subject  matter.  Ml 
definitions  and  physical  concepts  are  clearly  presented  and  illustrated  with  graph- 
ics, sound,  and  animation.  The  system  allows  small  quiz^es  to  be  given  to  lest  the 
student's  imderstanding  of  fundamental  concepts,  and  gives  helpful  hints  if  the  sUi- 
dent  asks  for  them. 

Electronic  Textbook  contains  a  large  number  of  solved  examples  and  a  variety 
of  randomly  generated  practice  problems  of  different  types.  The  types  of  problems 
are  <Kganized  in  order  of  increasing  difficulty. 

The  student  may  review  the  basic  concepts  and/or  solved  examples  while  solv- 
ing the  practice  problem  at  hand,  and  is  asked  to  solve  one  part  of  a  quiz  or  a  prob- 
lem at  a  time.  The  student  can  use  the  microcomputer  in  immediate  mode  to 
perform  the  necessary  calculations.  After  grading  suident*s  performance,  the  sys- 
tem moves  on  to  the  next  part  of  the  problem  or  to  the  next  problem.  The  student's 
grade  record  can  be  printed. 

The  unit  on  wav^  and  sound  is  intended  for  freshman  college  physics.  It  con- 
sists of  three  floppy  disks  that  run  on  an  APPLE  He  microcomputer  with  a  single 
disk  drive.  A  printer  is  optional.  Waves  and  Sound  includes  three  chapters:  "Basic 
Concepts,-  "Sound  Waves,**  and  "Characteristics  of  Sound  and  Doppler  Effect** 

The  software  is  inoependent  of  the  textbook  adopted  for  the  course,  and  the  sm- 
dent  need  not  have  any  computer  expertise  to  use  the  system.  Each  diskette  con- 
tains directions  for  the  use  of  the  system  and  clear  and  concise  insuiictions  at  every 
stage. 

Electronic  Textbook  has  been  expanded  to  cover  the  following  topics  in  the 
preparatory  course,  Natural  Science  100:  molecular  formulas,  molecular  weights, 
and  pcrcwit  comp jsition;  scientific  notation;  conversion  of  units;  logarithms  and 
exponential  functions;  introductioii  to  vectors;  and  graphs. 

A  sample  software  program  from  chapter  1  of  Electronic  Textbook:  Waves  or d  Sound  is  pan 
of  the  collection  Computers  in  Physics  instruction:  Software,  which  can  be  ordered  by  using 
the  fomi  at  the  end  of  this  book. 

This  project  is  supported  by  grant  G008200675,  from  the  Mino  ,  Institutions  Science 
Improvement  Program,  U.S.  Department  of  Education. 
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Tutorials  on  Motion 

C  Frank  Griffin 

DepartmefU  of  Phyacs,  University  of  Akron,  Akron,  OH  44325 

Louis  C  Turner 

Department  of  Physics,  Western  Reserve  Academy,  Hudson,  OH  44236 


Even  after  college-level  physics  woik  requiring  graphical  analysis  of  experiments 
with  dynamic  carts  or  air  tracks  and  photogate  timers,  many  students  still  have  dif- 
ficulty interixeting  gnqphical  n^presentations  of  motion.^  In  response  to  this  diffi- 
culty, we  have  designed  tutorials  to  supplement  the  standard  lecture  and  laboratory 
an)roaches  to  teaching  one-dimensional  kinematics  to  high  school  and  introducto- 
ry college  students.  The  tutorials  us<^  ^'^veral  descriptive  representations  of  motion, 
including  verbal  descriptions,  st*^  cords  of  a  simulated  moving  automobile, 
gnq)hs  of  position  vs.  time.  vek)cit>  s.  time,  and  acceleration  vs.  time. 

Our  woricshop  is  a  hands-on  demonstration  of  two  companion  computer  Uitori- 
als.  Tutorial  on  Motion  and  Tutorial  on  Acceleration?  Participants  will  be  able  to 
study  these  programs  under  the  guidance  of  the  authors.  Tutorial  on  Motion  was  on 
the  AA?T  list  of '^Favorite  Courseware  Programs  for  1988.**^  All  other  programs  on 
*he  AAFT  list  were  experiment-interfacing  packages. 

Tutorial  on  Motion 

Tutorial  on  Motion  is  a  series  of  programs  on  position  (filling  the  front  of  the  disk), 
and  velocity  (filling  the  back  of  the  disk).  Each  program  introduces  an  idea  with  a 
tutorial,  and  tests  and  reinforces  the  idea  with  a  quiz.  Tutorial  on  Motion  intro- 
duces position  and  velocity  in  a  very  concrete  fashion.  Position  of  a  car  is  identi- 
fied not  as  some  vague  reference  to  a  coordinate  system,  but  as  the  number  on  a 
scale  by  the  road.  Position  on  a  position  vs.  time  graph  is  shown  by  having  the  car 
move  sdong  a  track  while  simultaneously  leaving  a  strobe  record.  The  car's  move- 
ment parallels  the  5~axis  of  the  gn^h  and  a  point  is  plotted  on  the  S-T  graph,  giv- 
ing the  student  an  opportunity  to  compare  and  integrate  all  three  modes 
representing  motion.  The  multiple  system  clears  up  many  misconceptions. 

Velocity  is  introduced  in  terms  of  a  familiar  speedometer  instead  of  as  displace- 
ment divided  by  time  interval.  The  velocity  Uitorials  simulate  the  motion  of  the  car 
along  the  track  with  corresponding  speedometer  readings.  The  speedometer  dis- 
plays negative  values  when  the  car  backs  up.  Initially,  the  speedometer  scale  is 
shown  horizontally  just  below  the  horizontal  road.  Next,  the  speedometer  scale  is 
rotated  vertically  so  that  it  just  matches  the  velocity  scale  of  a  V-r  graph  shown  to 
the  right  of  the  speedometer  scale.  The  student  simultaneously  observes  the  motion 
of  the  car,  the  speedometer  reading,  and  the  corresponding  points  plotted  on  the 
V-r  graph.  Since  the  V  values  on  the  V-F  graphs  just  match  the  sUDbe  record  of 
the  speedometer  needle,  the  V-T  plot  is  convincingly  shown  to  be  a  plot  of 
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q)eedometcr  readings.  The  quizzes  ask  the  student  to  match  car  motion*  with  K-T 
graphs,  strobe  records  with  V-T  graphs,  and,  finally,  S-T  with  V-T  graphs. 

Students  need  a  concepuial  understanding  of  acceleration  before  they  can  grasp 
Newton's  laws.  Although  sUidents  intuitively  relate  force  and  velocity,  they  do  not 
intuitively  relate  force  and  acceleration.  This  failure  of  intuition  may  be  because 
students  observe  position  and  displacement  directly,  but  must  infer  or  calculate 
velocity  and  acceleration.  Second,  the  direction  of  motion  is  the  same  as  the  direc- 
tion of  velocity,  but  not  necessarily  the  same  as  the  direction  of  acceleration. 

Tutorial  on  Acceleration 

The  approach  of  a  Tutorial  on  Acceleration  is  similar  to  that  of  Tutorial  on  Motion. 
Items  are  familiar— a  moving  car,  a  speedometer  and  its  moving  needle — and  there 
is  simultaneous  plouing  and  strobe  recording  of  their  motions.  The  direction  of 
acceleration  and  its  magnitude  are  introduced  separately.  Velocity  and  acceleration 
ai.  compared  and  contrasted  in  several  different  ways:  the  direction  of  displace^ 
ment  of  the  car  is  compared  with  the  direction  of  displacement  of  the  needle  on  the 
speedometer  scale;  and  simulated  motions  that  produce  straight-line  5-7  graphs  are 
compared  wiih  those  that  produce  straight-line  V-T  graphs. 

After  using  the  programs  on  this  disk,  the  student  should  be  able  to:  observe  the 
straight-line  motion  of  an  object  and  correctly  indicate  the  direction  of  acceleration 
of  the  object;  determine  both  the  direction  and  relative  magnitude  of  the  accelera- 
tion of  the  object  from  either  an  S~T  graph  or  a  V-T  graph  of  tiie  object's  motion; 
and  identify  cases  of  constant  acceleration  and  the  value  of  this  constant  accelera- 
tion from  either  strobe  records  or  l^-rgn»"hs. 

1.  L.  C  McDermott,  M.  L.  Roscnqulst,  and  E.  H.  van  Zee,  Am.  J.  Phys.  55.  503  (1987). 

2.  Both  programs  arc  published  by  COMPress.  PC  Box  102.  Wcniworth.  NH  03282.  800- 
221-0419, 

3.  J,  S.  Risley.  "My  Favorite  Physics  Courseware  Programs  for  1988."  aapt  Announcer 
17.94(1987). 


Density  of  Orbitals:  A  Tutorial 

John  W.  Gardner 

Department  cf  Physics,  Eastern  Illinois  University.  Charleston.  IL  61920 


Density  of  Orbitals  Is  a  software  tutorial  for  the  Macintosh  that  develops  Jie  dcnsi- 
ty-of-orbitals  function  for  a  particle  in  a  one-,  two-,  or  three-dimensional  box.  It  is 
appropriate  for  jpper-class  physics  majors  taking  quantum  mechanics,  thermal 
physics,  or  solid-state  physics,  or  for  first-year  physics  graduate  students  needing  a 
review.  The  tutorial  uses  a  paging  window  of  text  and  one  or  more  windows  of 
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graphs  and  other  visual  aids  to  reach  i  s  subject  After  studying  the  tutorial,  the  stu- 
dent will  understand  what  density  of  bitals  means  and  will  know  and  be  able  tc 
derive  the  density-of-orbitals  function  U .  a  particle  in  a  box. 

The  tutorial  first  reviews  the  quantum  energy  spectrum  for  a  particle  in  a  one-, 
two-,  or  three-dimensional  box  and  enables  the  student  to  inspect  the  degenerate 
orbitals  belonging  to  any  energy  level  The  tutorial  then  presents  an  argument  for 
the  N(E)  functional  fonn  iN(E)  =  the  number  of  orbitals  with  energy  less  than  or 
equal  to  (£)  and  then  calculates  the  N{E)  function  exactly  by  counting  degeneracies 
so  that  the  student  can  compare  it  graphically  with  the  argued  functional  form. 
Finally,  the  tutorial  presents  the  density-of-orbitals  function,  D(£),  as  the  derivative 
of  the  function. 

Density  of  Orbitals  runs  on  a  Macintosh  S12KE,  Plus,  SE,  and  II,  and  requires 
256K  of  memory.  Density  of  Orbitals  makes  full  use  of  the  Macintosh  user  inter- 
face and  permits  the  student  to  access  data,  rcscalc  graphs,  and  consult  review  and 
help  sheets  solely  by  use  of  the  mouse. 

Th^  operating  insuuctions  for  Density  of  Orbitals  are  contained  in  the  tutorial.. 
A  full>  i^etailed  description  o!  all  the  features  of  the  program  is  included  as  a  scpa- 
mcfutcWrite  file.  The  tutorial  has  been  crafted  for  ease  of  use. 

The  soflwarc  program  Density  cf  Orbitals  is  pan  of  the  collection  Computers  in  Physics 
Instruction:  Scf^^are,  which  can  be  ordered  by  using  the  form  ai  the  end  of  this  book. 


Computer-BLsed  Instruction  for 
University  Physics 

Joseph  Priest 

Department  of  Physics,  Miami  University,  Oxford,  OH  45056 

Computer*bascd  insuuction  can  be  used  to  enhance  and  enrich  topics  that  arc  diffi- 
cult to  present  in  the  conventional  classroom.  Such  activity  includes  discussing 
motion,  plotting  functions  and  changing  the  parameters,  giving  the  students  flexi- 
bility in  selecting  numerical  parameters  that  interest  tiicm,  drilling  in  certain  types 
of  problems,  using  the  computer  to  discover  new  features  of  the  physics,  and  cap- 
turing  the  fancy  of  the  computer  to  motivate  students  to  learn  physics. 

This  hands-on  workshop  introduces  participants  to  the  intent  and  uses  of  the 
instructional  software  produced  for  two  university-level  physics  i.xtbooks.  The 
programs  are  written  in  BASIC  and  are  available  for  the  Apple  II  and  IBM  PC 
series  of  computers.  There  are  three  disL<?  tilled  Mechanics,  Thermodynamics  and 
WaveSt  and  Electricity  and  Magnetism.  Each  dish  covers  about  ten  chapters  of  the 
text  and  has  about  20  programs.  The  following  descriptions  of  a  program  from 
each  of  the  three  disks  conveys  the  flavor  and  character  of  the  programs. 
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Mechanics 

Physics  texts  usually  have  a  onc-dimensional  motion  problem  phrased  something 
like  this:  'The  driver  of  a  car  traveling  on  a  flat,  straight  stretch  of  interstate  high- 
way is  exceeding  the  speed  limit  A  patrolman  waiting  at  the  edge  of  the  highway 
pursues  the  car  at  constant  acceleration.  What  is  the  minimum  a:ceIcration  of  the 
patrol  car  in  order  to  catch  the  speeder  before  she  crosses  the  state  line?" 

Mechanics  programs  the  equations  and  uses  animated  graphics  to  show  the 
speeder  and  the  patrol  car.  By  experimenting,  the  student  finds  ihe  acceleration 
needed  by  the  patrol  car  to  catch  the  speeder  just  as  '^"^  reaches  the  state  line. 

The  algebra  is  then  discussed  to  confirm  the  minu:.am  acceleration  that  the  stu- 
dent has  already  discovered.  The  student  is  give^*  «he  flexibility  of  allowing  the 
speeder  to  accelerate.  Plots  of  distance  versus  tin.v  mk]  speed  versus  time  for  both 
the  speeder  and  patrolman  arc  displayed  along  with  the  animated  motion  of  the 
cars. 

Thermodynamics  and  Waves 

A  thermodynamics  program  concerns  the  Camot  cycle  and  the  second  law  of 
thermodynamics. 

The  efficiency  of  a  Carnot  heat  engine  is 

where  r^and  7)/  arc  the  Kelvin  temperatures  of  the  cool  and  warm  reservoirs. 
Based  on  the  second  law  of  thermodynamics,  no  heal  engine  operating  bclwccr, 
these  two  temperatures  can  have  a  larger  efficiency. 

Suppose  that  the  two  isothermal  processes  are  retained  and  different  thermody- 
namic paths  are  chosen  for  proceeding  from  7//  to  Ti  and  then  from  to  T//.  If 
the  temperatures  stay  within  the  bounds  of  and  T//,  then  the  efficiency  will 
always  be  less  than  the  Camot  effic^ncy. 

Starting  with  the  pressure  and  volume  at  the  end  of  the  isothermal  expansion, 
the  student  chooses  straight-line  thermodynamic  paths  leading  to  the  beginning  of 
the  adiabali^  compression.  The  process  continues  by  starling  at  the  pressure  and 
volume  at  l,.  end  of  the  adiabatic  compression  and  proceeding  to  the  initial  pres- 
sure and  volunr^e.  The  computer  calculates  the  work  aone  and  the  heat  exchanged 
in  each  process.  When  the  cycle  is  completed,  the  computer  calculates  the  net 
work,  'ctermines  the  net  heat  taken  into  ihc  system,  and  calculates  the  efficiency. 
The  student  is  invited  to  find  a  thermodynamic  path  for  which  the  etficiency 
exceels  the  Camot  efficiency. 

Electricity  and  Magnetism 

An  electricity  and  magnetism  program  involves  AC  circuits.  The  student  chooses 
*he  voltage  amplitude  and  frequency  of  an  AC  source  and  any  series  combination 
of  an  inductor,  a  resistor,  and  a  capacitor.  The  program  provides  plots  of  all  the 
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voltages  and  the  current  in  the  circuit  The  student  can  examine  the  phases  of  the 
voltages  and  currents  relative  to  the  phase  of  the  source,  and  can  check  the  plots  to 
see  that  Kiichhoff*s  voltage  rule  is  satisfied  at  all  times.  The  computer  provides 
calculations  of  the  rms  voltage  for  each  component  and  the  rms  current 

Programs  li^e  these  can  enrich  student  understanding  of  physics.  In  many  cases 
they  help  students  understand  concepts  that  are  difHcult  to  understand  in  a  conven- 
tional classroom. 

Sample  chi^>ten  from  Computed-Based  instruction  for  University  Physics  are  part  of  the 
collection  Computers  in  Physics  instruction:  Software^  which  can  be  ordered  by  using  the 
form  at  the  end  of  this  book. 


Intelligent  Computer  Sinnulations 
in  the  Classroom:  A  Report  from 
the  Exploring  Systems  Earth 
Consortium 

Annette  Rappleyea 

Physics  Department,  City  College  of  San  Francisco,  San  Franci:»co,  CA  94112 


The  learning  process  involves  assimilating  new  information  and  comparing  and 
conU^BSting  it  with  what  the  learner  already  knows.  In  order  for  learning  to  take 
place  at  all,  learners  must  feel  good  about  themselves  and  must  be  able  to  think 
about  the  subject  matter.  At  best,  uaditional  teaching  is  informative  and  entertain- 
ing; n)ore  often  it  is  an  oppressive  waste  of  time. 

Several  of  us  in  the  Exploring  System  EariJi  (ESE)  Consortium^  are  trying  to 
improve  classroom  learning  by  designing  and  building  interactive  computer  simu- 
lations that  are  linked  to  an  "intelligent"  friendly  tutor.^  We  believe  that  students 
learn  more,  faster,  and  build  positive  feelings  about  a  subject  by  experimenting  in  a 
domain-wise  environment,  instead  of  simply  listening  to  lectures  and  reading  text- 
books. Our  simulations  are  designed  to  be  used  in  addidon  to  traditional  classroom 
teaching  methods  in  much  the  same  way  that  laboratory  sessioiis  are  now  used. 

The  main  focus  of  the  project  is  to  couple  manipulable  computer  simulations 
with  an  intelligent  tutor  that  will  oversee  and  sometimes  guide  the  studeiit's  inter- 
action with  the  simulation.  We  call  the  modules  "intelligent  tutorial  learning  envi- 
ronments" (ITLEs).  Such  simulations  are  currently  operating  in  kinematics,  stadcs, 
and  dynamics,  and  new  modules  are  planned  in  physics,  biology,  and  chemistry. 

The  simulations  are  highly  interactive.  For  example,  the  li..oar  kinematics  simu- 
lation allows  the  user  to  "drive"  a  small  car,  conu-olling  the  car's  position,  velocity, 
or  acceleration.  Meters  and  graphs  are  available  for  analyzing  and  monitoring  the 
car's  progress.  The  car  can  be  stopped  and  restarted  at  any  time.  In  another  mode, 
the  user  can  set  the  car's  initial  values  of  position,  velocity,  and  acceleration.  The 
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car  then  operates  for  a  few  seconds,  allowing  the  user  to  sec  how  the  car  moves 
under  the  initial  conditions. 

The  tutor  is  interactive  on  a  different  level.  It  keeps  u-ack  of  thie  student's 
progress,  and  "knows**  as  many  teaching  rules  as  we  can  put  into  a.  For  example, 
the  tutor  knows  that  if  a  student  attempts  to  drive  a  square  course  without  slopping 
at  the  comers,  the  student  might  be  confusing  velocity  and  acceleration.  The  tutor 
can  choose  from  many  examples  and  exercises  designed  to  overcome  that  miscon- 
ception and  can  present  an  intermediate  example  to  the  student.  The  tutor  operates 
under  its  own  set  of  rules  that  are  derived  from  the  best  teaching  available  to  us  in 
the  subject  area. 

1.  Thac  «rc  many  people  working  on  this  project  There  are  faculty  members  from  City 
College  of  San  Francisco.  San  Francisco  Stale  University.  University  of  California  at 
Berkeley,  San  Francisco  Unified  School  District.  University  of  Massachusetts,  and 
University  of  Hawaii.  In  addition  there  are  experts  in  related  areas  of  interest  (such  as 
expert  systems,  screen  design,  etc.)  who  are  available  for  consultation  to  the  ESE 
Consortium. 

2.  Edwin  L.  Duckworth,  James  Kelley.  Stephen  Wilson.  **AI  Goes  to  School.**  Academic 
Computing  6  (November  1987). 


Modeling  of  Physics  Systems: 
Examples  Using  the  Physics  and 
Automobile  Collisions  and 
Physics  and  Sports  Videodiscs 

Dean  Zollman 

Departmenl  of  Physics,  Kansas  State  Umversfty,  Manhattan,  KS  66506 


Physicists  often  use  simplified  models  as  tools  to  understanding  complex  systems. 
Yet  we  seldom  leach  modeling  until  we  begin  discussing  abstract  concepts.  The 
videodisc  provides  a  means  by  which  students  can  build  models  of  concrete  situa- 
uoa  .  Modeling  concrete  systems  prepares  students  to  tackle  models  oi"  abstract 
systems  such  as  atoms  and  particles.  To  teach  concepts  of  modeling.  I  use  video 
material  from  two  videodiscs.  Physics  and  Automobile  Collisions  and  Physics  and 
Sports.^  The  videodisc  system  allows  students  to  build  simple  models  of  a  complex 
system  then  test  those  models. 

For  example,  one  way  to  treat  the  motion  of  an  automobiir  striking  a  barrier  is 
to  assume  that  the  entire  motion  is  described  by  a  point  ma^s  located  at  the  center 
of  mass.  Using  this  model,  students  can  sec  how  the  center  of  mass  moves  as  the 
car  strikes  the  barrier.  By  simultaneously  watching  the  motion  of  their  model  and 
the  car.  students  can  sec  the  value  and  limitation  of  the  model.  Students  can  evalu- 
ate more  complex  models,  such  as  scries  of  masses  connected  by  stiff  springs,  in  a 
similar  manner. 
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Models  for  the  motion  of  athletes  are  frequently  stick  figures  The  complexity 
of  the  model  depends  on  the  number  of  segments  involved  Students  can  compare 
modek  with  actual  motion  by  using  acetates  attached  to  the  video  screen.  They 
draw  their  models  on  the  acetate  as  they  use  the  videodisc  to  step  through  the  pic- 
tures of  the  event  With  more  sophisticated  hardware,  students  can  draw  the  model 
and  perform  calculations  using  com[  ler  graphics  under  the  control  of  a  mouse. 
We  are  developing  and  testing  both  methods. 

Supported  by  the  National  Science  Foundation  under  grant  number  MDR'855014:>. 
1.  (New  York:  Wiley.  1984\ 
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Computer  Demonstrations  for 
Optics 

Ulrich  E  Kruse 

Department  of  Physics,  University  of  Illinois  at  Urbanu-Champaign,  Urbana,  IL  61801 


We  have  developed  computer  programs  for  use  as  lecture  demonstrations  to  teach 
op^cs*  Two  of  the  programs  arc  used  in  demonstration  experiments  and  measure 
diffraction  patterns  and  compare  the  results  with  theory.  The  other  programs  are 
used  to  explain  and  illustrate  important  optical  phenomena.  The  programs  run  on 
IBM  PC  AT  computers  with  EGA  16-color  displays.  In  lectures  we  use  projectors 
to  display  the  results  to  students. 

The  two  demonstration  experiments  measure  Fraunhofer  diffraction  from  multi- 
slit  sources  and  Fresnel  diffraction  in  the  shadow  of  a  wire  or  a  half-plane.  In  the 
experiments  the  lecturer  uses  a  laser  to  produce  the  pattern  on  a  screen  that  is 
viewed  by  a  television  camera.  The  im^e  from  the  camera  is  then  recorded  by  an 
image-grabber  board  plugged  into  the  computer.  The  diffraction  pattern  ia  dis- 
played on  the  computer  screen  and  the  lecturer  selects  a  rectangular  region  for 
analysis  The  computer  produces  the  corresponding  intensity  graph.  With  a  mouse, 
the  lecturer  selects  four  points  on  the  intensity  graph  to  establish  a  baseline,  pattern 
center,  and  x  and  y  scales.  With  this  information  the  computer  progrant  scales  the 
corresponding  theoretical  distribution  and  makes  a  direct  compariscji  with  the 
experimental  results.  The  lecture  is  paced  by  the  verbal  explanation  ^>ecausc  the 
data  acquisition,  displays,  and  calculations  are  completed  in  less  than  t  f^o  minutes. 
In  a  typical  lecture  several  patterns  are  measured.  We  have  used  the  Fraunhofer 
demonstration  in  the  general  introductory  course  offered  to  sophomores,  and  the 
Fresnel  demonstration  in  the  optics  course  for  juniors  and  seniors. 

The  other  dcmonstratioras  use  computer  graphicr.  lu  explain  experimental  phe- 
nomena or  theoretical  models.  The  computer  allows  the  lecturer  to  calculate  accu- 
rate patterns  and  curves  quickly  so  that  the  input  parameters  (e.g.,  the  number  of 
slits)  can  be  quickly  changed  in  answer  to  student  suggestions.  At  this  time  we 
have  completed  programs  to  illustrate  the  following:  superposition  of  two  waves  to 
form  a  two-slit  diffraction  pattern,  phasor  model  to  explain  phasor  representation 
of  a  sum  of  sine  waves,  phasor  model  of  Fraunhofer  diffraction  from  multiple  siits, 
Comu  spiral  model  for  Fresnel  diffraction,  physical  explanation  of  the  rainbow. 

For  example,  in  the  program  that  explains  Fraunhofer  diffraction,  the  lecturer 
begins  by  selecting  the  parameters  f(^  the  demonstration.  These  include  the  num- 
ber of  slits,  the  ratio  of  slit  width  to  slit  spacing:,  the  angular  range  for  the  pattern 
be  shown,  and  the  rate  at  which  the  demonstration  progresses.  T^is  facility  fallows 
the  lecturer  to  cover  several  examples  and  to  speed  up  after  the  first  exampie.  He 
can  also  stop  the  display  to  point  out  special  features  l«ke  minima  and  maxima  in 
the  pattern. 

In  the  actual  presentation,  a  diagram  of  the  experiment  is  shown  first  and  then 
O     the  diffraction  pattern  is  simulated.  The  program  provides  the  appearance  of  con- 
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tinuous  variation  of  intensity  by  randomly  mixing  dots  of  the  three  intensities 
available  from  the  EGA  card.  Then  the  phasor  configuratjon  corresponding  to  suc- 
cessive angles  from  the  forward  direction  for  the  diffraction  pattern  are  diplayed, 
together  with  the  resulting  phasor  and  a  plot  of  the  intensity.  Sttidents  can  follow 
the  effect  of  the  phase  difference  between  the  waves  from  the  individual  slits 
tlirough  the  change  of  angle  between  the  individual  phasors  and  the  change  in 
magnitude  of  the  resultant  The  envelope  corresponding  to  the  variation  of  the  sin- 
gle slit  phasor  is  included  in  the  plot  of  the  intensity. 

For  a  more  advanced  discission,  the  lecturer  can  include  an  explanation  of  the 
magnitude  of  the  phasor  representing  the  individual  slit  The  superposition  of 
**miniphasors**  conespo'>ding  to  the  waves  coming  from  parts  of  the  individual  slit 
is  shown  and  displayed  with  the  phasor  for  ttie  individual  slit  The  variation  of  the 
phasor  amplitude  from  the  individual  slit  then  accounts  for  the  fall  off  of  the  mtcn- 
sity  of  the  maxima  away  from  the  forward  direction.  By  changing  the  ratio  of  the 
slit  width  to  slit  spacing,  the  modulation  of  the  multislit  pattern  by  the  single  slit 
intensity  can  be  illustrated. 

We  use  the  expcrimciital  demonsuations  and  the  model  explanations  during  lec- 
tures. We  also  make  the  programs  available  to  students  so  that  they  can  reexamine 
them  for  details  after  the  lecture.  For  the  student  use,  we  insert  "pages*'  with  an 
explanation  corresponding  to  the  verbal  discussion  given  by  the  instructor  during 
the  lecture. 

The  demonsuations  arc  easy  to  modify  for  related  applications.  We  have  made 
small  changes  in  the  labeling  and  used  the  demonsu^tion  of  the  supcrpositon  of 
two  waves  to  illustiate  the  sound  pauem  from  two  loudspeakers.  This  version  is 
used  in  a  course  for  nonscientists.  We  have  also  adapted  the  demonsuation  of  the 
phasor  model  for  the  sum  of  sine  waves  to  illustrate  voltages  in  alternating  current 
circuits.  We  simply  relabeled  the  plots  and  changed  the  amplitudes  and  phases  to 
correspond  to  different  voltages  in  a  series  AC  circuit  This  demonsuation  will  be 
used  in  the  circuits  part  of  the  general  inutxluctory  course. 

The  software  program  Optics  Demonstrations  is  pari  of  ihc  collection  Computers  in 
Physics  Instruction:  Sofhvare,  which  can  be  ordered  by  using  the  form  at  the  did  of  this 
book. 


The  Animated  Chalkboard 
(Updated) 

Richard  W.  Tarara 

Department  of  Chemistry  and  Physics,  Saint  Mary's  College,  Notre  Dame,  -^6556 

The  computer  has  not  been  as  widely  used  as  a  lecture  aid  as  it  has  been  for  data 
collection  and  analysis  and  individual  instruction.  Durmg  the  past  four  years,  I 
have  supplemented  my  classroom  presentation  on  various  topics  with  short  com- 
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putcr-gencraied  animated  sequences.  Almost  any  kind  of  "overhead"  material  can 
be  picscnicd  on  the  computer  (with  appropriate  graphics  software),  but  its  particu- 
lar strength  is  in  adding  animation  and  bringing  pictures  to  life.  This  audiovisual 
cqjability,  the  ability  to  produc-e  customized  "filmslrips"  at  very  low  cost,  makes 
the  computer  an  important  tool  for  classroom  use.  The  technique  is  valuable  at  all 
educational  levels. 

The  subject  matter  of  my  current  lOO-title  library  of  animations,  covers  the 
entire  spectrum  of  the  normal  physics  curriculum.  The  largest  nciiiber  of  programs 
covers  the  early  study  of  motion.  A  common  technique  is  the  'mulianeous  view- 
ing and  plotting  of  a  motion.  A  "Shoot  the  Monkey"  animation,  for  example, 
allows  the  students  to  pick  the  speed  of  the  projectile — though  this  is  of  little  help 
to  the  monkey.  Animations  can  also  be  invaluable  in  describing  relativity.  You  can 
show  lime  dilation  "clearly"  with  a  mirror  and  light  clock,  which  can  aciaiLMy  be 
moved  on  the  screen  while  the  path  of  the  light  is  plotted.  Some  of  the  znore 
sophisticated  animations  that  Tve  done  nave  been  associated  with  a  Physics  of 
Tochnolog)*  '^ourse  where  topics  as  cr-rent  '^.s  nuclear  winter,  SDI,  and  cruise  mis- 
siles, and  as  common  as  the  operation  of  a  flush  toilet  provide  ample  material  for 
animations. 

To  better  illustrate  the  technique,  I  will  describe  one  of  the  more  than  100  ani- 
mations currently  in  use.  Instructors  continually  struggle  to  convince  students  !hat 
an  object  thrown  vertically  upward  always  accelerates  downward.  You  can  throw  a 
ball  straight  up  and  down  in  front  of  the  class  and  carefully  describe  the  motion, 
but  the  basic  principle  still  eludes  many  students.  In  an  animation  on  the  computer, 
you  can  go  beyond  simple  demonsuation.  On  the  computer,  you  can  slow  tlie 
motion  so  that  the  student  can  really  see  the  gradual  change  in  velocity.  The  ball 
thrown  up  risc^  quickly  at  first,  then  slows  until  it  stops  rising  and  begins  to 
fall — ^slowly  at  first,  then  faster  and  faster.  After  the  demonstration  comes  the  real 
Uick.  Show  the  motion  again,  but  this  time  plot  the  velocity  of  the  ball  as  a  func- 
tion of  time.  Do  this  on  the  same  screen  as  the  animated  motion  and  have  the  plot 
appear  in  synch  with  the  observed  motion.  After  listening  to  you  talk  through  the 
motion,  viewing  the  graph,  and  seeing  the  obvious  fact  that  the  slope  is  constant 
and  negative,  the  student  really  starts  to  believe  that  the  ball  docs  indeed  accelerate 
downward. 

To  use  an  animated  chalkboard  effectively  you  have  to  consider  the  system  con- 
figuration in  relation  to  the  class  size.  A  single  25-inch  monitor  can  suffice  foi 
class  sizes  in  the  50-to-7O-student  range  if  you  remember  that  any  text  or  detail 
has  to  be  large  enough  to  be  seen  by  those  in  the  back  of  the  room.  Larger  classes 
will  require  a  projection  display  or  multiple  monitors.  A  definite  advantage  of  this 
use  o^^tlie  computer  is  that  only  one  hardware  setup  is  needed,  although  portability 
(at  l'.5ast  by  cart)  is  desirable.  The  computer  itself  can  be  an  inexpensive  one— in 
fact,  the  Commodore  64  is  very  well  sui  cd  to  this  use  at  a  system  price  (excluding 
monitor)  of  under  S300. 

The  real  value  of  animated  chalkboards  is  in  customizing  your  owj  animations. 
This  docs  demand  some  programming  ability,  but  with  the  various  commercial  ani- 
mation and  graphics  packages  available  today,  your  programming  background 
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need  not  be  extensive.  With  the  use  of  such  aids,  most  of  the  lilies  now  in  use  with 
my  classes  were  prepared  in  less  lhan  iwo  hours  per  animation.  It  is  important  lo 
recognize  ihat  it  is  not  necessary  to  rival  arcadc-qualiiy  graphics  to  produce  effec- 
tive pedagogical  tools. 

Student  reaction  to  this  technique  has  been  very  positive  with  favorable  (and 
unsolicited)  comments  appearing  often  on  class  evaluations.  There  is  also  subjec- 
tive evidence  that  those  topics  amplified  through  the  animations  are  beuer  under- 
stood than  in  prior  years  when  the  same  subject  matter  was  presented  in  more 
standard  ways.  The  use  of  computer  animations  in  the  classroom  ana  especially  the 
preparation  of  the  software  does  not  necessarily  make  leeching  easier  for  the 
insUuctor,  but  it  does  make  the  insuiictor  a  beuer  tcachci. 

The  software  pro^rtm  Physics  Demonstralions  is  part  of  Uic  collcclion  Computers  in 
Physics  Instruction:  Software,  which  can  be  ordered  by  using  the  form  ai  the  end  of  this 
book. 


Software  for  Physics 
Demonstrations  in  an 
Introductory  Physics  Class 

John  S.  Risley 

Departmenl  of  Physics,  North  Carolina  State  University.  Raleigh,  NC  27695-8202 


DemonsUations  provide  concrete  CAamplcs  for  students  learning  physics.  Software 
programs  arc  now  available  that  can  augment  a  scries  of  uadiiional  dcmonstrc-iions 
by  simuisL"ng  physical  phenomena.  During  a  computer  dcmonsuation,  a  ph>  .ics 
teachtT  can  clarify  concepts  by,  for  instance,  stopping  the  action,  displaying  vec- 
tors  t'lat  change  in  time,  and  experimenting  with  a  situation  by  uial  and  error. 

Tnc  computer  display  is  an  important  aspect  of  computer  dcmonsuation. 
Liquid-crystal  displays  used  with  an  overhead  projector  arc  satisfactory,  but  they 
lack  high  contrast.  And  as  the  liquid-crystal  display  heats  up,  the  contrast  is 
reduced  ^lill  further.  In  quick  moving  animations,  tho  liquid-crystal  display  is  like- 
ly 10  pi"oduce  ghosting  images.  The  bc.^^i  display  option  for  a  class  of  50  to  90  stu- 
dents is  a  45-inch  rcar-projcciion  TV  monitor,  because  the  si/c  and  contrast  make 
for  Cit'/y  viewing. 

I  have  used  a  number  of  courseware  packages  as  part  of  my  introductory 
physics  course  in  mechanics.  Some  of  the  best  examples  arc  described  below. 
These  examples  arc  only  a  sample  of  the  many  possible  software  packages  that  can 
be  used  to  demonstrate  physics  conccpts.1 

Motion:  A  Microcompuier-Based  Ub?  The  sonic  ranger  In  this  software  is  per- 
fect for  introducing  kinematics.  The  real-lime  data  display  feature  al'ows  an 


ERLC 


Risley  441 


instructor  to  move  his  hand  or  walk  in  front  of  the  detector  while  the  class  sees  a 
plot  being  made  v>i  the  distance  from  his  hand  or  body  to  the  detector  vs.  time.  The 
software  malces  it  easy  to  manipulate  the  data  and  make  a  plot  of  velocity  vs.  time 
or  to  display  a  split  screen  of  velocity  vs.  time  and  distance  vs.  time. 

Fa  mort  quantitative  discussions,  you  can  use  a  battery-operated  toy  bulldozer 
(for  constant  velocity  motion),  or  a  cart  pulled  by  a  string  that  is  feu  er  a  puiley 
with  a  weighted  end  (for  constant  accelerated  morion).  Unfortunately,  meclianical 
toy^  can  give  out  sonic  waves  that  can  be  detect  :^  by  the  motion  duector.  These 
waves  appear  as  spurious  dat^an  effect  that  troubles  students.  This  is  also  a 
problem  with  air  tracks.  The  high  velocity  of  the  air  moving  out  t^».ough  the  pin- 
holes in  the  air  track  apparently  produces  sonic  sound  waves  that  rduse  false  read* 
ings  for  the  sonic  ranger. 

Computer-Based  Instructions  for  College  (or  Univer^'  y)  Physics'^  and 
Instructional  Software  for  University  Physics.^  To  demonsuate  the  concept  o*" 
simultaneity,  I  use  a  program  that  simulates  a  police  car  attempting  to  overtake  a 
speeder  before  the  speeder  crosses  the  border  into  the  next  state.  This  one-dimen- 
sional kinematics  problem  becomes  more  interesting  when  I  teP  t  students  that 
the  speeder  is  an  NCSU  student  returning  from  a  spring  brea  .pent  at  Myrtle 
Beach,  South  Carolina,  and  he  is  trying  to  get  to  classes  on  time  in  Raleigh,  North 
Carolina. 

The  program  allows  you  to  choose  the  acceleration  rate  for  the  police  car  and 
for  the  speeder.  To  help  clariry  the  principles,  the  student  can  plot  a  graph  of  dis- 
tance vs.  time  and  velocity  vs.  time  as  the  cars  are  shown  speeding  across  the 
screen.  After  a  tria'-and-error  experimentation  with  various  accelerations,  the  stu- 
dent  recognizes  that  solving  the  problem  exactly  is  going  to  require  a  little  algebra. 

Harmonic  t^otion  Workshop.'^  Simple  harmonic  motion  is  easily  dcmonsu?ted 
with  a  pendulum  or  a  mass  and  spring.  Using  an  excellent  animated  graphic  dis* 
play  of  an  object  in  SHM,  this  software  package  illustrates  the  concep'^s  of  the  tem* 
poral  variation  of  the  position,  velocity,  and  especially  tlie  acceleration.  You  can 
illustrate  tho  vel  and  acceleration  vectors  varying  in  time  and  in  position.  Two 
objects  in  SHM  ca..  oe  used  to  illusU^ite  how  the  motion  d'Ters  for  different  ampli- 
tudes or  phases.  The  software  also  allows  you  to  show  the  relatior  jhip  between 
uniform  circular  motion  and  SHM,  and  the  traditional  sinusoidal  plots  of  posiuon, 
velocity,  or  acceleration  vs.  »ime. 

Animation  Demonstration,^  lllusuating  the  concept  of  superposition  of  waves  is 
difficult  in  a  real-time  demonstration.  The  computer  simulation  in  this  software 
allows  you  to  show  how  a  pulse  travels  down  a  siring  and  is  reflected  at  the  end, 
both  for  a  fixed  end  for  which  the  pulse  is  inverted  and  for  a  loose  one  for  which  it 
remains  unchanged.  Two  and  three  pulses  can  be  shown.  When  he  two  counter- 
propagating  waves  Overlap,  the  simulation  shows  how  the  two  waves  add  up  to 
give  the  total  wave  sirucuire.  You  can  also  show  how  two  waves  traveling  -n  oppo- 
site directions  add  up  to  give  standing  waves.  This  software  package  has  many 
other  programs  that  animate  numerous  subjects  in  physics.  A  public  domain  ver- 
^'ion  of  this  program  is  available  from  the  deparuneni  of  phy:;i::s  at  NCSU. 
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1.  Sec  M.  Gjmsai  ind  J.  S.  Rislcy,  Phys.Tcach.,  25,  301.1  (1987)  for  t  Usiing  of  over 
1,000  software  packages  along  with  the  addresses  and  telcfhonc  numbers  of  100  soft- 
war,  publidiers. 

2.  (Pleasantvflle,  NY:  HRM  Software,  1987). 

3.  (New  York:  Addison-Wesley  Publishbig  Company,  1984), 

4.  ((Waiido,FL:  Academic  Press,  Ina,  1984), 

5.  (Oklahoma  City,  OK:  High  Tedmology  Software  Products,  Inc,  1982). 

6.  (Iowa  City,  lA:  Conduit), 
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The  cT  Language  and  Its  Uses:  A 
Modern  Programming  Tool 

Bruce  Arne  Sherwood 

Center  for  Design  of  Educational  Computing  and  Department  of  Physics 

Judith  N.  Sherwood 

Center  for  Design  of  Educational  Computing,  Carnegie  Mellon  Umversity»  Pittsburgh, 
PA  15213 


Modem  computer  applications  emphasize  windows,  mouse  interactions,  attractive 
multifont  text,  and  high-quality  graphics.  End  users  find  such  applications  directly 
J5)pealing  and  eai»y  to  iisc.  But  the  programmers  who  create  these  appealing  appli- 
cations face  a  bewilderingly,  complex  and  daunting  programming  task,  far  more 
difficult  than  writing  programs  for  earlier  computing  environments.  Not  only  is  the 
task  vastly  more  comple:  but  production-level  programs  often  require  lengthy 
batch  compilations,  making  the  programmer's  environment  much  less  interactive 
than  that  of  the  end  user.  These  factors  have  created  a  situation  where  only  excep- 
tionally skilled  programmers  can  produce  modem  interactive  programs. 

Another  serious  problem  is  the  difficulty  of  moving  a  modem  application  from 
one  computer  to  another.  Years  ago,  it  was  relatively  easy  and  straightforward  to 
write  a  FORTRAN  calculation  that  printed  a  few  numerical  results  on  a  line  print- 
er, and  such  a  program  would  run  on  ^y  of  the  many  machines  which  had  a  FOR- 
TRAN compMer.  Now,  however,  a  program  with  a  complex  uccr  interface  is 
typically  tied  to  the  particular  machine  on  which  it  was  created,  because  of  differ- 
ences in  screen  size  and  inlcrdCtion  asperis  such  as  mouse  clicks  and  menus. 

To  address  these  two  major  fss-^cs,  the  cT  programming  environment  (fon  ^erly 
know:,  as  CMU  Tutor)  has  beer,  developed  in  the  Center  for  Design  of  Educational 
Computing  at  Camegie  Motion  University.  The  cT  programming  environment 
makes  it  much  easier  to  exploit  the  power  of  modem  computing  environments.  It 
enables  those  with  limited  programming  experience  to  develop  interactive  applica- 
tions, including  educational  applications,  without  having  to  de^  nd  completely  on 
the  assistance  of  professional  orogrammcrs.  Programs  written  in  the  cT  language 
can  be  compiled  and  run  without  change  on  many  different  kinds  of  machines. 
Supported  machines  include  the  Apple  Macintosh  and  IBM  PS/2  family  of  person- 
al computers  and  several  brands  of  professional  work  stations:  IBM  RT  PC,  Sun, 
and  DEC  Microvax.  The  name  cT  is  a  trademark  of  Carnegie  Mellon  University. 

Major  features  of  the  cT  language  include  interactive  graphics  in  windowed 
environments,  i.istant  portability  across  diverse  computers,  automatic  rescf  ling  of 
text  and  graphics  to  fit  the  window,  multifont  text,  menus,  mouse  r\nd  keyset 
inputs,  analysis  of  words  and  sentences,  analysis  of  numbers  and  algebraic  expres- 
sions, rich  sequer-'ing  options,  standard  calculaiional  capabilities,  and  numeric  and 
text  files. 
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Major  features  of  the  cT  programming  envircnment  include  an  integrated  edit- 
ing and  execution  environment,  incremental  compilation  for  fast  revision  and  exe- 
cution, online  reference  manual  with  executable  examples,  a  gr^hics  editor  that 
generates  cT  graphics  statements,  and  accurate  and  informative  error  diagnostics. 

In  the  remainder  of  the  paper  d)ese  features  of  the  language  and  its  environment 
will  be  describe('  in  detail. 

Description  of  the  cT  Language  and 
Environment 

Programs  written  in  cT  are  incren.entally  compiled.  That  is,  only  those  program 
segments  that  have  been  changed  are  automatically  recompiled.  As  a  result,  the 
developer  sees  the  effect  immediately  after  making  a  change  in  the  source  code. 
Since  the  source  code  is  compiled  rather  than  interpreted,  execution  speed  is  very 
fast.  When  a  user  enters  a  program,  thos'*  procedures  needed  immediately  are  com- 
piled first  Whenever  there  is  a  wait  for  user  input,  more  of  the  program  is  com- 
piled in  the  background,  interrupted  if  necessary  for  on-demand  compilation  when 
the  user  requires  execution  of  a  section  not  already  compiled.  This  overlapping  of 
execution  and  compilation  ensures  that  there  is  hardly  any  observable  delay 
because  of  compilation.  When  necessaryv  a  binary  version  of  the  program  can  be 
produced 

In  cT,  compile-time  and  execution-time  error  diagnostics  are  very  specific. 
When  an  error  is  detected,  a  detailed  error  message  is  displayed.  The  source  code 
is  automatically  scrolled  to  display  the  statement  containing  the  error,  and  the  edit- 
ing caret  is  placed  in  the  statement  at  the  character  location  wiiere  the  error  was 
detected. 

Modem  multifont  text  (with  italics,  bold,  large,  small,  centered,  etc.)  appears  as 
such  in  the  source  code  and  is  manipulated  with  mouse  and  menus  as  in  a  modem 
word  processor.  Execution-time  position  and  margin  controls  determine  a  rectangle 
within  which  a  text  statement  is  displayed.  Despite  the  importance  of  modem  text, 
there  are  hardly  any  other  programming  languages  that  handle  multifont  text 
directly  in  the  source  code. 

Graphics  c^abilities  include  labeled  graphs,  rotatable  displays,  pattern-filled 
polygons  and  disks,  and  animation  of  icons.  Almost  all  the  major  graphics  abilities 
of  modem  machines  are  accessible  through  the  cT  language.  Automatic  scaling  to 
arbitrary  window  dimensions  is  supported  with  options  to  scale  x,  scaie  y,  preserve 
aspect  ratio,  and  scale  text.  Graphics  scaling  factors  are  constrained  by  the  avail- 
able font  sizes  in  order  to  preserve  the  correct  relationship  between  text  and  graph- 
ics. This  automatic  scaling  makes  a  big  conuibution  to  portability  of  programs 
from  one  ma^^hine  to  another  despite  differences  in  screen  sizes. 

A  novel  graphics  editor  directly  generates  cT  source  code.  Figure  1  illustrates 
the  automatic  generation  of  cT  display  statements.  The  source  code  is  at  the  left 
and  the  corresponding  display  is  at  the  right  At  the  bottom  left  is  a  list  of  cT  com- 
mands (only  some  basic  display  commands  are  visible),  and  these  commands  can 
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4  File   Edit   Search  Style$  Fonts  Options 
!  display.t 


cT 


font  zsanj,  18 

fine  300,400 

rcjcale  TRUE,  TRUE,  FALSE,  TRUE 

unit  sample 

•t  4C,48 

write  A  Mmpit  of  muW'MyJe  text 

box  11,43;  275,75 

fill  1 35,1 02;  44,238;  22B,257 

at  87,332 

write  We  will  adjust  thb  corner 

vector  229,330,229,263 


Commands 


Absolute  unit  calc  do  show :  howt  mode  pause  fine  rescale 
arrow  at  box  circle  circleb  clip  disk  dot 
draw  erase  fill  move  text         plot  write 


A  sain  pit  of  muJii -style  text 


We  will  adj  ust  this  corner 


Figure  1 .    Automatic  generation  of  cT  program  statements. 


be  entered  into  the  source  code  by  pointing  at  them  with  the  mouse.  Qicking  the 
mouse  in  the  display  area  causes  an  x-y  coordinate  pair  to  be  entered  into  the 
source  code,  followed  by  recompilalion  and  execution  of  the  current  unit,  which  is 
very  fast.  The  source  code  for  the  graphics  shown  in  the  figure  was  generated  with- 
out touching  the  iceyboard.  Note  the  styled  text  that  was  typed  into  tin;  source  code. 

Figure  2  shows  how  existing  display  routines  can  be  easily  modified  The 
mouse  is  used  to  select  an  x-y  coordinate  pair  in  the  source  code  (part  of  the  "fill" 
statement  in  the  example),  as  though  one  were  preparing  to  cut  it  out  or  change  it 
to  italics.  This  selected  coordinate  pair  can  be  visually  adjusted  by  clicking  the 
mouse  in  the  display  area,  which  changes  the  selected  coordinate  pair  and  triggers 
recompilation  and  execution  to  create  the  altered  display.  The  "fine"  command  in 
the  example  defines  a  virtual  fine-grid  coordinate  system,  and  the  arguments  of  the 
"rescale"  command  specify  that  x  ?j)d  y  should  rescale  to  fill  the  window,  without 
preserving  aspect  ratio,  but  wiih  scaling  of  te-  lie  graphics  editor  supports  the 
device-independent  coordinate  scheme  by  unscuiiug  pixel-based  mouse  clicks  into 
appropriate  fine-grid  positions. 

The  cT  language  handles  input  from  both  keyset  and  mouse.  Convenient  analy- 
sis routines  are  provided  for  word,  sentence,  numerical,  and  algebraic  inputs. 
Sentence  analysis  includes  checks  for  spellin.^  and  word  order.  Answer  "marKup" 
is  supported:  unanticipated  words  and  miscapiialized  letters  are  shown  in  boldface, 
misspelled  words  are  shown  in  italics,  uc.  Mathematical  input  can  be  evaluated  at 
high  speed,  making  it  easy  to  create  function  plouer  programs.  Implied  multiplica- 
tion (e.g.  "3/')  is  permitted,  so  input  expressions  can  be  written  using  normal 
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Commands 


A  Mm  pie  of  muW -style  text. 


Absolute  unit  cdlc  do  show  shovt  mode  piuse  fine  rescale 
arrow  at  box  circle  circleb  clip  disk  dot 
draw  erase  fill  move  text  flffl  P^^^  vnte 


We  vill  adjust  this  corner 


Figure  2*    An  adjustment  to  cT  display  routines. 


mathematical  notation.  Both  mouse  clicks  and  mouse  movements  can  be  pro- 
cessc^*  The  cT  menu  command  creates  equivalent  pull-down  or  pop-up  menus, 
depc  aing  on  the  type  of  menus  native  to  a  particular  machine.  This  is  an  example 
of  how  the  generic  nature  of  cT  commands  contributes  to  portability  of  applica- 
t'ons. 

The  usual  calculational  suuctures  are  provided,  including  if-clse,  case,  and 
loop-reloopoulloop  (which  provides  a  unified  form  for  iterative,  while,  and  until 
loops)*  Case  instances  need  not  be  constants.  Subroutine  arguments  can  be  passed 
by  value  or  by  adoi'^ss.  Local  variables  permit  recursion.  The  logical  expression 
">l  <  B  <  C  is  handled  correctly  (something  few  languages  do).  In  the  expression 
"n  >  0  &  K{n)  =  3",  the  array  reference  K{ji)  is  not  attempted  if  n  is  not  greater 
than  0  (this  conditional  evaluation  of  expressions  is  like  that  in  the  C  language). 

Data  types  include  t^yte,  integer,  floating-point,  flle,  and  markers  on  character 
strings,  and  multidimensional  arrays  of  such  data,  with  full  bounds  checking  and 
optional  offsets.  There  are  bit-nianipulation  operators.  File  operations  inclu.' 
sequential  reads  and  writes  of  ASCII  numbers,  of  strings,  and  of  bytes. 

String  manipulation  capabilities  are  very  unusual.  A  marker  variable  delimits  a 
^nion  of  text,  and  insertions  earlier  in  the  text  cause  the  marker  to  move  in  such  a 
3  to  continue  to  mark  the  original  characters.  Marker  functions  give  access  to 
the  lirst  or  last  character  of  a  marked  region,  the  ncxi  character  after  a  marked 
region,  or  the  previous  character  before  a  marked  region.  Text  bracketed  by  a 
marker  variable  can  be  replaced  or  appended  to.  The  contents  of  markers  can  be 
compared  using  logical  operators  (dictionary  order  governs  inequality  tests). 
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Marked  text  representing  an  expression  can  be  compiled  to  machine  code  and  then 
repeatedly  evaluated  at  high  speed. 

Library  files  containing  cT  routines  cu.t  have  their  own  global  variables  and 
their  owii  initialization  routines,  which  are  triggered  automatically  when  the  main 
program  is  started. 

To  facilitate  llie  creation  of  highly  interactive  programs,  there  is  a  richer  set  of 
sequencing  operations  than  is  typically  found  in  a  programming  language.  For 
example,  the  notion  of  next  and  previous  display  is  built  into  the  language. 

A  common  syntax  exists  for  conditional  commands.  The  aiguments  of  any 
command  (other  than  those  defming  conUrol  sUructures  such  as  iO  can  be  selected 
by  the  value  of  an  expression.  This  provides  a  compact  one-line  case  statement. 

An  important  component  of  the  cT  prog.T>mming  environment  is  its  powerful 
online  reference  manual.  Language  features  can  be  accessed  either  through  hierar- 
chical indices  or  through  names  of  commands  in  the  language.  In  either  case  selec- 
tions are  made  simply  by  pointing  with  a  mouse.  Language  features  are  illusU^ted 
in  context  by  sample  routines.  An  unusual  feature  is  the  ability  to  execute  these 
samples  immediately  by  using  the  mouse  to  copy  them  into  the  programhiing  win- 
dow. These  sample  routines  can  act  as  nuclei  for  further  elaboration  by  the  pro- 
grammer. Figure  3  shows  an  example  of  copying  out  a  sample  routine  dealing  with 
loops  and  running  it  to  produce  some  vertical  lines.  The  upper-left  panel  of  the 
help  window  contains  a  hierarchical  list  of  topics.  The  upper-right  panel  contains  a 
list  of  cT  commands  and  keywords.  The  bottom  panel  contains  dttail<J  on  the 
selected  feature,  including  sample  routines.  The  programmer  used  the  mouse  to 
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Figure  3.    An  online  reference  manual  with  sannple  routines. 
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copy  the  loop  example  into  the  source  code  window  (just  above  the  help  window), 
then  execuled  the  routine,  which  produced  the  vertical  lines  on  the  right.  There  is 
also  a  printed  version  in  the  reference  manual.^ 

Although  it  is  already  being  used  for  many  purposes,  cT  is  not  complete.  At 
present  there  is  no  support  for  saving  and  restoring  portions  of  the  screen. 
Sciolling-text  objects  are  in  the  planning  stage.  Daa  types  will  be  extended  to 
include  record  structures  and  pointer  variables  for  dynamic  st'^rage  aIlo;:ation.  Also 
planned  is  the  ability  to  call  routines  written  in  C  or  other  languages.  cT  has 
already  been  used  for  the  user  interface  of  large  LISP  and  FORTRAN  programs  on 
multipre;;es$ing  work  stations,  with  communication^  between  the  ;wo  programs 
through  files  or  "sockets." 

An  impor^.t  aspect  of  the  cT  programming  environmer.t  is  its  evolutionary 
development  path.  Most  new  language  features  are  of  course  additions  to  the  lan- 
guage that  do  not  invalidate  existin[  programs.  However,  occasionally  it  has  *  xn 
necessary  for  further  growth  to  m'^ke  incompatible  changes  that  would  cause  exist- 
ing programs  to  stop  working  w^  ;  it  not  for  the  fact  that  the  cT  compiler  automat- 
ically converts  old  programs  to  uie  new  format  A  syntax-level  indicator  is  kept  in 
the  program  file  to  inc^'cate  that  the  appropriate  conversions  have  been  made.  As  a 
result,  despite  major  growth  and  change  in  the  language,  the  oldest  programs  from 
1985  still  work.  This  compatibility  from  year  to  year  is  just  as  important  as  the 
compatibility  that  cT  offers  from  machine  to  machine. 

Uses  of  cT 

The  IntcrUniversity  Consortium  for  Educational  Computing  (ICEC)  offered  one- 
week  workshops  on  cT  to  faculty  and  staff  from  the  ICEC  colleges  and  universi- 
lies.2  The  prerequisites  were  that  participants  had  written  at  least  one  program  in 
some  language,  but  generally  had  no  experience  wi'Ji  modem  windowed  environ- 
ments. In  less  than  a  week,  most  participants  wrote  significant  graphics-oriented 
programs.  Later,  Vassar  College  and  California  State  University  at  Northridge  ran 
cT  workshops  themselves. 

Quantum  Well  by  Bruce  Sherwood  is  an  example  of  an  educational  program 
written  in  cT.  The  mouse  is  used  to  specify  a  potential  well  in  which  an  electron  is 
trapped.  In  Figure  4  the  mouse  is  used  to  choose  a  uial  energy  level,  and  the  quan- 
tum-mechanical equations  are  evaluated  Icft-to-right  to  plot  the  cot  responding 
wave  function.  Quantum  depends  on  the  display,  input  analysis,  and  calculational 
strengths  of  cT.  Creating  the  program  was  greatly  facilitated  by  the  ability  to  test 
changes  rapidly,  thanks  to  incremental  compilation. 

Other  examples  of  educational  programs  can  be  found  in  the  workshop  guide 
and  in  several  of  David  Trowbridge *s  conference  papers.^  For  an  assessment  of  the 
suitability  of  cT  for  educational  programming,  see  M.  Resmer*s  article  and  B,  A. 
Sherwood  and  J.  H.  Larkin*s  paper  in  the  proceedings  of  the  1987  IBM  ACIS 
University  Conference.^  General  issues  affecting  the  design  of  educational  pro- 
gram? are  treated  in  ?  forthcoming  article.^  For  a  discussion  of  the  difficulties  of 
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Figure  4*    An  exannple  of  an  educational  physics  application  wriiten  in  the 


writing  modern  programs  for  research  purposes,  with  some  assessment  of  the 
advantages  of  cT.  see  C.  Lewis  and  G.  M.  Olson.^ 


cT  is  based  on  the  MicroTutor  language  developed  at  the  Computer-based 
Education  Research  Laboratory  at  the  University  of  Illinois  (the  PLATO  project).  It 
incorporates  MicroTutor*s  important  constructs  for  interactive  educational  pro- 
gramming.6  MicroTutor  is  basically  an  updated  and  machine-independent  dcscen- 
dent  of  the  TUTOR  language,  whose  development  was  initiated  by  Paul  Tenczar  in 
19677  The  first  version  of  MicroTutor  was  created  by  David  Andersen  in  1977, 
Similar  languages  include  Digital  Equipment  Corporation's  DAL  (Digital  Author 
Language)  and  Tenczar*s  own  TenCore  for  the  IBM  PC,  In  large  part.  cT  is  com- 
patible with  MicroTutor.  but  it  differs  from  MicroTutor  and  other  Tutorlike  lan- 
guages in  its  extensions  for  the  modem  environments,  where  windowing,  mice, 
and  menus  impose  additional  requirements  that  the  earlier  languages  did  not  have 
to  meet.  The  genesis  of  cT  within  the  Andrew  environment  has  been  carefully 
detailed.^  Moreover,  we  have  written  a  textbook  on  cT,^ 

Design  and  implementation  of  the  basic  architecture  of  cT  was  done  by  Bruce 
A,  Sherwood,  who  is  associate  director  of  the  Center  for  Design  of  Educational 
Computing  (CDEC)  and  professor  of  physics.  Major  contributions,  ir.cluding  the 
online  reference  manual  and  many  of  the  graphics  capabilities  were  made  by  Judith 
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N.  Sherwood,  who  is  senior  development  consultant  in  CDEC.  David  Andersen, 
system  programmer  with  CDEC,  has  made  large  contributions,  including  full 
machine-code  compilation  of  expressions  and  implementation  of  the  novel  string- 
handling  machinery,  CDEC  programmer  Kevin  Whitley  has  built  the  text-editing 
and  text-management  routines  and  has  continuing  responsibility  for  the  Macintosh 
version,  Additional  contributions  to  the  development  of  cT  have  been  made  by 
CDEC  slaff  members  Tom  Neuendorffer,  Chris  Koenigsbcrg,  Da^id  Trowbridge, 
and  Ruth  Chabay.  Jill  Laricin,  director  of  CDEC  during  the  period  of  its  eariiest 
development,  encouraged  the  project  and  helped  debug  cT,  Information 
Technology  Center  slaflf  members  Fred  Hansen,  Tom  Peters,  and  Andrew  Appcl 
contributed  much  valuable  advice.  Gregg  Malicary,  a  graduate  ^student  of  Andy  van 
Dam  at  Brow  University,  helped  initiate  an  experimental  version  for  the 
Macintosh,  Special  thanks  are  due  Bill  Arms,  Preston  Covey,  Michael  LoBue,  Jim 
Morris,  and  Carol  Scheftic. 

The  cT  programming  environment  is  currently  being  distributed  by  Carnegie 
Mellon  University,  For  information,  write  to  cT  Distribution,  CDEC  Bldg.  B, 
Carnegie  Mellon  University,  Pittsburgh,  PA  15213. 
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Learning  to  Use  the  cT  Language 

Bruce  Arne  Sherwood  and  Judith  N.  Sherwood 

Center  for  Design  of  Educational  Computing,  Carnegie  Mellon  University,  Pittsburgh, 
PA  15213 


Modem  computer  applications  emphasize  windows,  mouse  interactions,  attractive 
multifont  text,  and  high-quality  graphics.  End  users  And  such  applications  directly 
q)pealing  and  easy  to  use.  But  these  applications  are  not  so  easy  for  the  program- 
mers who  create  them.  Creating  such  programs  is  a  bewilderingly  complex  and 
daunting  programming  task,  far  more  difficult  than  writing  programs  for  earlier 
computing  environments.  Because  production-level  programs  often  require  lengthy 
batch  compilations,  the  programmer's  environment  is  much  less  interactive  than 
that  of  the  end  user.  As  a  result,  only  exceptionally  skilled  programmers  have  been 
able  to  produce  modem  interactive  programs. 

cT  (formerly  called  CMU  Tutor)  is  a  programming  language  developed  in  the 
Center  for  Design  of  Educational  Computing  at  Carnegie  Mellon  University.  It  is 
especially  suitable  for  rapid  creation  of  interactive  programs  for  modenfgraphics- 
oriented  environments. ^  cT  makes  it  feasible  for  a  much  larger  group  of  people  to 
write  modem  programs. 

Not  only  is  it  surprisingly  easy  to  create  modem  applications  with  cT,  but  such 
applications  can  be  run  without  change  on  a  wide  range  of  computers,  including 
Macintosh,  Mac  II,  IBM  PCs,  and  PS/2s,  and  Unix-based  work  stations  (Micro Vax, 
IBM  RT,  and  Sun).  Such  compatibility  is  almost  without  precedent  In  the  past,  any 
program  that  had  an  attractive  user  interface  was  tied  to  one  particular  computer. 
This  has  had  a  number  of  bad  consequences,  perhaps  the  most  serious  of  which  is 
the  split  of  the  educational  software  market  into  machine-dependent  submarkets. 
This  capability  problem  has  inhibited  faculty  developers. 

cT  possesses  many  features  that  set  it  apart  from  other  programming  languages 
for  developing  and  executing  interactive  applications. 

•  Rich  text  and  graphics  facilities  in  an  easy-to-use  form; 

•  Incremental  compilation,  combining  the  revision  speed  of  interpreted  languages 
with  the  execution  speed  of  compiled  languages; 

•  A  display  editor,  which  generates  cT  source  code  in  a  direct  and  transparent 
manner; 
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•  Automatic  scaling  of  graphics  and  text  to  flt  the  current  window; 

•  Powerful  tools  to  analyze  key-set  and  mouse  inputs; 

•  Genetation  of  pull-down  or  pop-up  menus  for  ditFcrcni  machines  with  the  same 
cT  menu  command; 

•  Qilculational  and  file-handling  fcauircs  similar  to  tho5>e  available  in  other  algo- 
rithmic languages; 

•  Detailed  error  diagnostics; 

•  An  unusual  online  reference  manual  offering  instant  execution  of  documented 
language  feature. 

Despite  cT's  appeal  to  novice  programmers,  it  can  support  sophisticated  pro- 
gramming tasks.  This  makes  cT  of  interest  to  experienced  programmers,  and  it  also 
provides  a  growth  path  for  newcomers,  who  can  start  simply  but  progress  in  easy 
stages  to  higher  competence,  cT  is  already  in  use  at  a  number  of  universities  for 
research  computing  tasks  and  creating  educational  software. 

1.  B.  A.  Sherwood  and  J.  N.  Sherwood,  **CMU  Tutor:  An  Integrated  Pro^ranunlng 
Environment  for  Advtnccd-Funcilon  Work  Siallons,"  Proceedings  of  the  IBM 
Academic  Information  Systems  University  AEP  Conference,  San  Diego,  April  1986 
(San  Diego:  BM  Academic  Information  Systems,  1986),  IV:29-37;  M.  Resmer,  "New 
Strategies  for  the  Development  of  Educational  Software,**  Acad.  Comp.,  22 
(December- January  1988);  D.  Trowbridge,  **Quick  Generation  of  Lecture 
Dcmonsttalions  and  Student  Exercises,'*  Proceed!  tgs  of  the  IBM  ACIS  University 
Confereytct,.  DiscipVuie  Symposia:  Physics,  Boston,  June  1987  (Boston:  IBM  Academic 
Infonriation  .Systems,  1987),  pp.  2-7. 


ILS/2:  An  Interactive  Learning 
System 

James  M.  Tanner 

School  of  Physics,  Georgia  Institute  of  Technology,  Atlanta,  GA  30332 


This  session  will  present  ILS/2,  a  software  system  specifically  designed  for  writing 
(mode  "Author")  and  presenting  (mode  "Presenter")  interactive  courseware  on 
microcomputers.  We  will  demonsu^te  courseware  that  has  been  writien  using  this 
system. 

ILSI2  groups  learning  units  into  library  modules.  Each  library  module  is  a 
learning  or  training  package  whose  length,  content,  and  design  is  controlled  by  the 
author.  A  library  module  could  be  a  single  interactive  homework  problem  that  pro- 
vides the  assistance  to  the  learner  on  an  as-needed  basis.  It  couid  be  a  single-sub- 
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jcct  tutorial  th^t  includes  a  statement  of  definition  of  <he  subject,  a  review  of 
in?portant  prerequisite  material,  and  drill  using,  interpreting,  or  applying  the  new 
concept  Or  it  could  be  a>.  ^ntirc  lesson  that  includes  an  introduction  to  new  materi- 
al, a  brief  review  of  previous  lessons,  applications  of  the  new  material,  conceptual 
drills  on  the  new  material,  etc. 

'*Author**  is  a  menu*driven  software  mode  that  allows  the  user  to  construct 
library  modules  of  interactive  courseware.  When  preparing  library  modules  in  this 
mode,  an  ILS/2  author  designs  "screens*"  that  spatially  axid  temporally  intef^)ersc 
textt  special  characters,  symbols,  and  graphics.  On  these  screens,  the  author  can 
also  {dot  functions  and  create  simple  animations.  The  system  calls  for  externally 
compiled  programs,  learner  responses,  and  branching  decisions.  A  library  module 
consists  of  a  collection  of  these  screens,  which,  when  used,  arc  multilinked  by 
branching  decisions  based  on  learner  input. 

When  working  in  mode  "Author,"  the  author  designs  each  screen  while  work- 
ing "live*"  on  the  computer  display.  No  computer  programming  experience  or 
knowledge  is  necessary  to  work  in  this  mode;  there  is  no  programming  language  to 
be  learned.  All  of  the  available  authoring  options  arc  selected  from  pop^up  menus. 
Thus,  the  author  *s  attention  is  focused  entirely  on  the  design  and  structure  of  the 
courseware. 

Of  particular  importance  to  physicists  is  the  ability  to  microposition  anywhere 
on  the  computer  display  any  text  character,  any  special  character  or  symbol,  any 
gr^hic  operation,  or  any  graphic  Figure  that  has  been  previously  drawn  and  saved 
as  a  library  Tile.  Among  ilie  special  characters  and  symbols  prcscniiy  available  are 
all  Greek  characters,  most  mathematical  symbols,  and  many  charDcxrs  peculiar  to 
physics.  Special  symbols  or  characters  may  be  added  by  authors.  The  author  can 
create  simple  animations  by  selecting  any  rectangular  portion  of  a  screen  as  an 
image  and  then  specifying  a  ^'trecn  u^jectory  for  that  image. 

A  learner  uses  ISL/2  in  its  "Presenter"  mode.  In  "Presenter,"  the  user  moves 
naturally  through  a  scries  of  screens  without  needing  to  know  how  to  manipulate 
the  computer.  "Presenter"  operates  in  the  background,  following  the  encoded 
instructions  of  the  author.  The  lcamcr*s  path  through  any  moJule  or,  for  that  mat- 
ter, any  sequence  of  modules  is  dictated  by  his  responses.  Responses  may  be  in  the 
form  of  me  lu  choices,  numeric  values,  alphanumeric  su-ings,  mixtures  of  numeric 
values  and  alphanumeric  strings,  or  even  simple  graphic  inpuL 

Each  library  module  is  an  ASCII  Tile  whose  su-ucture  is  independent  of  comput- 
er model,  screen  resolution,  and  graphic  mode.  After  the  author  gets  lLS/2  to  run 
on  a  particular  generic  »ypc  of  microcomputer  (IBM,  Macintosh,  etc.),  he  am  inu-o- 
duce  faster  computer  nodels,  different  computer  manufacturers,  or  high-resolution 
screens  via  relative*^  simple  updates  of  the  "Author"  and  "Presenter"  software. 
That  is,  the  library  is  immune  to  iiordwarc  developments  and  will  not  require  modi- 
fication with  the  advent  of  improved/altered  computer  systems.  This,  of  course,  is 
very  important  If  authors  have  spent  the  time  necessary  to  prepare  high-quality 
library  modules,  it  is  imperative  that  any  authoring/presentation  system  not  require 
that  each  library  module  be  "a^aired"  to  fit  each  new  microprocessor  or  graphics 
system. 
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The  initial  version  of  ILS/2  executes  on  IBM  PC-<:ompatible  systems  with 
CGA^  EGK  MCGA,  or  VGA  graphics.  A  version  of  /LS/2  for  Apple/Macintosh 
cysiems  is  feasible  and  its  development  is  under  consideration. 


Graphics  and  Screen-Input  Tools 
for  Physics  Students 

Jack  M.  Wilson  and  W.  MacDonald 

Departmau  cf  Physics  and  Astronomy,  The  University  Maryland,  College  Park, 
MD  20742 


The  Maryland  University  Project  in  Physics  and  Educational  Technology 
(M.u.RP.fi.T.)  wanted  suidcnts  to  use  powerful  computing  tools  to  solve  problems 
and  model  phenomena  without  spending  an  inordinate  amount  of  time  learning 
computer  programmirg.  We  satisfied  these  seemingly  conuadictory  rcquircmcn'iS 
by  adopting  computer  tools  that  were  both  powerful  and  easy  to  learn. 

Nonmajors  use  an  elccuionic  spreadsheet  This  widely  available  UX)l  which  is 
of  great  use  in  many  areas  outside  physics,  provides  students  with  the  computa- 
tional power  and  graphics  output  necessary  for  their  wodc  in  physics  classes. 

Science  majors  need  more  than  a  spreadsheet;  they  need  a  high-level  language 
that  they  can  build  on  throughout  their  careers.  After  considering  various 
Ir  >ages,  m.u.p.p.e.t.  adopted  Turbo  Pascal  for  our  physics*major  courses. 
E  jse  it  is  inexpensive,  widely  available,  ano  powerful  Pascal  is  often  'Jic  first 
language  taught  in  university  computer-science  departments.  Furthermore,  it  is 
easy  to  move  from  Pascal  to  other  modem  structured  hi^h-level  languages. 

In  ordei  reduce  programming  overhead,  m.u.p.p.e.t.  developed  a  set  of 
input/outp'it  and  graphics  tools  that  make  it  possible  for  students  to  do  professional 
piogram  development  with  a  minimum  of  programming  effort  These  tools  work 
by  reducing  each  program  to  three  short  blocks:  "AcceptCData),**  "Physics,**  and 
"PloiData(Dala)." 

The  Hrst  block,  **Accept(Data),**  lets  a  student  develop  an  input  screen  in  the 
'Turbo  Editor-  in  WYSIWYG  fashion.  Each  field  on  the  screen  is  nonmodifiable, 
numeric  modifiable,  or  alpha-numeric  modifiable.  Modifiable  fields  can  be  given 
default  values  so  that  the  user  is  never  completely  stumped  for  values  on  an  input 
screen.  Numeric  fields  are  validated  upon  input,  and  cursor  posiuons  and  function 
keys  pressed  are  passed  back  to  the  user.  The  second  block,  "Physics,**  is  the  por- 
tion of  the  program  containing  the  physics  content 

The  third  block,  "PlotData(Data},**  can  be  as  short  as  a  single  statement  or  as 
elaborate  as  opening  multiple  windows  and  plouing  differen:  graphs  in  each  win- 
dow. Students*  first  efforts  usually  co»-  a  of  the  single  sta»'  nent  The  routines 
called  b>  this  statement  use  a  defauU  window  of  the  entire  sr^cci:  r.iid  automatical- 
ly scale  the  data  and  label  the  axes.  As  students  become  niore  famiiiar  wiiii  u;e  sys- 


Fuller  et  al.  457 


tem  they  learn  to  define  their  own  windows  and  scale  their  own  data.  All  of  this 
can  be  accomplished  without  having  to  have  detailed  knowledge  of  the  computer 
system  and  its  gi^phic  devices.  VTmdows  are  scaled  as  percentages  of  the  screen 
and  scales  are  set  in  user-data  units.  Students  are  r^ot  required  to  do  detailed  map* 
pings  to  a  particular  display's  pixels. 

The  M.u.pj>.E.T.  tools  are  available  in  both  Turbo  Pascal  3.0  and  4.0  and  have 
been  placed  in  the  public  domain.  They  may  be  uscu  as  "include**  Hies  in  source- 
code  programs  or  may  be  separately  compiled  and  used  as  extensions  to  Pascal. 
The  tools  are  available  in  files  "MUPGRAPH.INC"  and  "MUPSCRN.INCT  on  tf«e 
AAPTAJnivcrsity  of  Maryland  Bulletin  Board  (301-454-2086).  In  our  presentation 
we  will  demonstrate  examples  of  student  programs.  These  are  also  available  from 
the  bulletin  board  or  on  disk.  The  examples  include  pendulum  motion,  projectile 
motion,  data  analysis  with  least  square,  and  wave  functions  in  potential  wells. 

The  example  progn»ms  were  originally  developed  for  use  in  an  introductory 
physics  laboratory  where  .students  spend  one  week  in  the  laboratory  working  with 
the  apparauis  and  the  following  week  in  the  computer  lab  developing  computer 
models  and  programs  for  analysis.  Students  are  also  required  to  complete  an  inde- 
pe»ulent  project  as  pan  of  the  laboratory„  The  tools  have  now  been  used  for  two 
years  in  both  class  and  laboratory.  We  feel  that  they  have  been  successful  in  pHow- 
ing  students  to  develop  sophisticated  projecu^  without  spending  much  class  time 
learning  programming. 


HyperCard  and  Physics 

Robert  G.  Fuller 

Department  of  Physics,  US.  Air  Force  \cademy,  Colorado  Springjt,  CO  80840.  on  leave 
from  the  Department  of  Physics  and  Astronomy,  University  of  Nebraska- Lincoln,  Lincoln, 
NE  68588-0111 

Carl  R.  Nave 

Department  cf  Physics  and  Astronomy.  Georgia  State  University.  Atbnta.  GA  30303 

David  M.  Winch 

Department  of  Physics.  US.  Air  Force  Academy,  Colorado  Sprmgs.  CO  80840.  on  leave 
frjmthe  Department  of  Physics.  Kalamazoo  College.  Kalamazoo.  Ml  49007 


The  participants  in  this  workshop  will  work  with  specific  HyperCard  stacks  devel- 
oped for  use  by  physicists.  Specific  examples  such  as  physical-constant  look-up 
tables,  collections  of  homework  and  exam  questions,  and  simple  physics  anima- 
tions will  be  available.  Novice  users  can  explore  existing  physics  stacks.  More 
experienced  HypeiCardians  can  modify  various  scripts  for  their  own  uses.  We  will 
provide  copies  of  existing  and  modified  HyperCard  physics  stacks  for  the  partici- 
pants to  take  home.  We  will  also  discuss  forming  a  national  network  of 
HyperCard  physics  special-interest  groups. 
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Workshop  participants  should  have  some  previous;  '^.xperience  with  HyperCard 
(even  if  only  in  an  Apple  exhibit  booth)  and  swnc  *perience  with  a  Macintosh. 
Particqutms  should  bring  a  blank,  double-sided  3.S-inch  diskette  to  take  stackware 
home. 


Developing  CAI  Programs  with 
Apple  SuperPilot 

Robert  J.  Boye 

Physics  Department,  Morgan  Stale  University,  BaUimore,  MD  21239 


Most  conuneicial  software  has  been  produced  for  physics  courses  at  the  introduc- 
tory level  In  1982  the  physics  department  at  Moi^:an  State  University  developed  a 
calculus*based  computer  assisted  instruction  (CAI)  program  for  our  upper-level 
courses  in  mechanics  and  electricity  and  magnetism. 

The  physics  dq)arunent  at  Morgan  State  University  has  13  Apple  microcom- 
puters that  were  obtained  by  a  MISIP  grant  from  the  U.S.  Department  of 
Education.  We  developed  our  upper-division  CAI  programs  using  Apple 
SuperPilot^  which  had  its  origin  in  common  Pilot 

The  original  Pilot  language  was  developed  in  the  early  1970s  to  enable  subject 
spec:alists  to  write  CAI  imgrams  ever  if  they  know  little  about  computer  pro- 
granuTkfng.  Pilot  has  only  about  eight  instructions,  so  time  spent  learning  the  lan- 
guage is  i\!nimal.  The  CAI  Sourcebook  estimates  that  it  is  about  six  times  faster  to 
create  CAI  lessons  using  a  language  like  Pilot  than  by  using  a  more  general  pur> 
pos  \  language  like  BASIC.^ 

Apple  SuperPilot  makes  use  of  Apple's  graphic  and  sound  capabilities  to 
in.prove  the  original  Pilot  language.  The  Apple  SuperPilot  program  uses  the  fol- 
lowing editors  u>  develop  lessons*  "Lesson  Text  Editor,"  "Character  Set  Editor," 
^'Graphics  Editor.**  •^Sound  Effects  Editor."  These  editors  have  on-screen  menus 
and  additional  help  sere  Student  workers  can  often  enter  programs  and  draw 
grs^hics  and  character  sets  without  using  the  manual. 

The  "Lesson  Text  Editor"  is  used  to  type  insmictions  for  the  lesson  program. 
These  are  stored  for  student  i^se  on  a  lesson  diskette.  The  insmictions  tell  the  com- 
puter when  to  display  text,  graphic  images,  sound  effects,  and  character  sets.  They 
also  accept  answers  from  the  student  and  can  branch  to  different  parts  of  the  pro- 
gram depending  on  the  answers. 

The  "C^iaracfer  Set  Editor"  is  ^scd  to  create  a  new  set  of  designs  or  characters 
in  place  of  the  standard  ASCII  character  set.  This  can  be  used  to  produce  Greek 
letters  or  mathematical  symbols. 

The  "Gr^ics  Editor"  is  used  to  draw  diagrams  or  pictures.  This  is  done  by 
moving  a  screen  cursor  using  the  comouter  keyboard  or  game  paddles.  Using  the 
^'Graphics  Editor,**  the  user  can  draw  circles,  ellipses,  and  rectangles. 
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Thu  "Sound  Effecls  Editor**  can  be  ased  to  create  sound  effects  during  the  les- 
son. I  have  not  used  sound  effects  because  of  the  disquieting  effect  when  a  number 
of  students  are  simultaneously  running  lessons. 

The  following  are  examples  of  the  most  commonly  used  SuperPilci  instruc- 
tions. The  type  instniction  (T:)  tells  the  computer  to  print  anything  written  after  the 
cdlon  on  the  screen.  The  accq)t  instruction  (A:)  tells  the  computer  to  "liste*"**  while 
the  sUident  types  something  on  the  keyboard.  The  match  instruction  (M:)  coi..pares 
the  word  or  words  following  the  match  instruction  to  the  student*s  response.  If  the 
computer  finds  the  match  word  m  the  student*s  response*  it  stores  the  answer 
"Yes;"  otherwise  it  stores  the  aiiswer  "No.**  This  answer  can  then  be  used  as  a  con- 
dition for  executing  further  instructions. 

The  jump  insmiction  (J:)  tells  the  lesson  program  to  skip  over  one  or  more 
instructions  and  branch  to  a  different  part  of  the  program.  By  adding  a  yes  or  no 
conditioner  to  the  Jump  instruction  {JY:  or  JN:),  you  can  teU  the  computer  to 
branch  to  a  different  part  of  »he  program  depending  on  whether  a  "Yes**  or  "No** 
answer  was  given  to  the  previous  match  instruction.  The  wait  instruction  (W:n) 
inserts  a  delay  of  n  seconds  into  the  program.  The  student  can  shorten  this  delay  by 
pressing  a  key.  Other  special  instructions  control  color,  animation,  and  the  size  or 
thickness  of  text  on  the  scrt<:n. 

At  the  conference,  I  will  present  an  example  of  a  SuperPilot  CAI  program  in 
electricity,  along  with  a  listing  of  CAI  programs  in  mechanics  and  electricity  and 
magnetism. 

The  software  program  ElectricUy  Instruction  is  pari  of  the  collccUon  Compuiers  in  Physics 
Instruction:  Software,  which  can  be  ordered  by  using  the  form  al  the  end  of  this  book. 

1.  Robert  L.  Burke.  CAI  Sourcebook  (Englcwood  Cliffs.  NJ:  Prcnticc-Hall.  1982).  p.  20, 


PhysiCs  Majors  as  Research 
Scientists:  Introductory  Course 
Strategy 

William  M.  MacDonald 

Department    Physics  and  Astronomy^  The  University  of  Maryland,  College  Park, 
MD 10742 

The  world  of  the  research  scientist  is  open  to  freshman  physics  sludenuj  able  to 
translate  the  "power  tools"  of  physics  into  computer  programs.  Newton's  second 
law  is  an  example  of  a  power  tool  of  classical  mechanics  that  can  easily  be  solved 
by  simple  numerical  procedures  and  used  directly  to  explore  a  variety  of  physical 
systems,  including  nonlinear  and  chaoLc  systems  ""or  which  there  exist  no  mathe- 
matically explicit  solutions.  With  the  help  of  computer  power  tools,  students  can 
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invent  and  study  physical  svstems  that  interest  them  instead  of  being  confined  to 
**closed-foiTn**  exercises.  Moreover,  writing  a  compute  program  usually  gives  a 
student  a  much  deeper  understanding  of  physics  than  he  learns  from  rolving  set 
problems.  In  our  experience,  a  student  who  experiences  the  thrill  of  writing  his 
own  programs  to  solve  physics  problems  begins  to  read  physics  equations  like  a 
working  scientist  and  his  imaginatictn  begins  to  suggest  all  sorts  of  variations  on 
the  physical  proUems  he  cackles. 

Using  the  computer  in  introductory  physics  courses  requires  a  carefully  planned 
strategy  for  integrating  the  physics  with  programming  and  simple  numerical  meth- 
ods. Experience  gained  from  courses  for  physics  majors  developed  in  the 
M.UJiREr.  program  ^  as  shown  that  this  strategy  must  include  a  general-purpose 
programming  language;  graded  programs;  ""stub**  procedures;  libraries;  project 
packages;  and  simulation  packages. 

A  general-purpose  programming  language  is  an  important  tool  for  scien  '  ts. 
Such  a  program  should  include  "strong  typing,**  which  requires  that  every  vanuole 
used  in  die  program  be  declared  as  a  real  n  nbcr,  an  integer,  an  array,  etc.  Global 
variables  appost  at  the  beginning;  local  variables  '^an  be  introduced  in  procedures. 
Strong  ^ing  makes  for  easily  readable  program:>.  More  important,  it  practically 
eliminates  frustrating  "debugging**  for  the  student  (and  the  instructor)  because  the 
compter  cliecks  that  each  variable  is  property  used  *  i  assigning  values,  or  as  argu- 
ments to  procedures.  The  program  *ning  language  should  also  be  well  structured.  A 
structured  language  encourages  the  :;Uident  to  approach  complex  problen^s  with  an 
organize  J,  *'divide-and-conquei**  strategy  and  to  pro  ^m  "top  down**  by  writing 
outlines  in  '^pseudocode.**  For  example,  a  student  wi'ting  a  program  to  calculate 
projectile  motion  with  air  resisiance  might  start  with  an  outline: 

INPUT  xO,  yO,  vO,  angle,  drag^coerf icient,  dt; 
REPBAT 

STEP  tn,  xn,  yn,  vn; 
PRINT  tn,   xn,  yn,  vn; 
UNTIL  yn  <=  0; 

INTERPOLATE  for  impact_time,  range,  impact__velocity; 
PRIN?  jmpact__time,  range,  impact_velocity; 

This  outiine  is  then  fleshed  out  with  the  necessary  procedures. 

Pascal  is  increasingly  regarded  as  the  introductory  programming  language  of 
choice  for  high  school  and  college  students,  but  this  was  the  first  time  most  of  our 
students  had  seen  it  We  chose  Turbo  Pascal  by  Borland  International  because  it  is 
an  integrated  editor,  compiler,  and  run-time  module  that  requires  minimal  knowl- 
edge of  the  operating  system.  Two  or  three  one-hour  microlabs  in  the  first  weeks  of 
the  course  are  sufficient  for  students  to  begin  writing  simple  programs  that  sum 
series,  solve  equations,  and  integrate  trajectories.  A  graded  set  of  programs  that 
introduce  prog*^  ^nming  element  one  at  a  time  are  used  by  students  as  traming 
exercises  and  as  buildiii?  blocks  for  their  own  programs. 
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^^Stub**  procedures  allow  the  student  to  tackle  really  major  problems  without 
ending  much  time  writing  inessential  parts  of  a  program;  the  student  can  focus 
his  attention  on  the  part  of  a  program  that  contains  the  essential  physics,  for  exam- 
ple, the  force  law.  Suib  procedures  are  possible  because  the  logical  correctness  of  a 
Pascal  program  can  be  checked  even  when  essential  procedures  have  been  left 
"empty."  For  example,  the  following  program  to  add  two  numbers  will  compile 
and  nm  even  though  it  produces  no  result 

PROGRAM  Sum; 
VAR  a,b:  real; 

PROCEDURE  Suni(a,b:  real)  :  real; 

begin  {Fill  in  3tatements  to  Sum  two  numbers) 

end; 

BEGIN 

WRITECEnter  a  and  b  -  ');  READLN(a,b); 

WRITE ('The  sum  is  Sum(a,b)) 

END 

The  student  completes  this  program  by  replacing  the  comment  with  a  statement 
(Sum:  =  fl  +  fr). 

Just  as  in  research,  our  stiidents  use  libraries  of  programs  to  reduce  the  labor  of 
writing  programs.  Libraries  developed  in  the  m  uj>.p.e.t.  program  provide  proce- 
dures for  graphing  results  {MUPgraph),  evaluating  functions,  and  writing  input- 
output  screens. 

The  project  package  inch  jCs  the  source  code  for  a  program  that  students  use  in 
a  series  of  related  projects.  In  the  flrst  semester,  students  use  the  package 
KEPLER,  which  conr^ns  the  source  code  for  a  program  that  integrates  the  equa- 
tions for  particle  motion  in  a  central  force  and  outlines  for  projects  on  geosatellites, 
Halley's  comet,  the  effect  of  deviatioi  s  from  the  inverse-square  law,  quantized 
Bohr-Sommerfeld  elliptic  orbits  In  hydrogen,  Rutherford  scattering,  and  scattering 
by  a  shielded  Coulomb  potential.  ^  section  discusses  the  appropriate  units  to 
use  for  time,  distance,  and  eno^y  together  with  the  equations  of  motion  in  these 
units. 

Students  begin  with  the  project  on  geosatellites,  for  which  the  compute^-  pro- 
gram is  written.  They  do  all  the  other  projects  by  modifying  this  program  and 
using  MUPgraph  to  plot  the  orbit  and  any  other  quantities  that  interest  them,  e.g., 
the  energy  as  a  function  of  time.  The  tabular  results  and  graphs  for  the  firjt  two  or 
three  projects  are  obtained  in  the  first  microlab,  which  runs  two  or  three  hours.  The 
remaining  projects  are  done  by  the  students  on  their  own,  diuing  free  hours  of  the 
mictolab  or  in  one  of  the  clusters  of  compu^rs  around  campus,  over  a  period  of 
about  six  weeks.  Using  a  second  project  package  {OSCILLATOR)  in  the  same  way, 
students  explore  the  behavior  of  a  pendulum  in  both  the  linear  and  nonlinear 
regime,  driven  and  undriven,  and  are  introduced  to  the  phase  plane  representation 
of  the  motion. 
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Students  use  a  simulation  package  as  an  intuition-training  device  to  explore  a 
variety  of  related  systems.  The  heart  of  the  package  is  a  sophisticated  computer 
program  that  allows  the  student  to  select,  or  design,  different  systems,  choose  val- 
ues for  the  physical  constants,  and  select  different  graphical  presentations  of  the 
motion. 

The  simulation  package  ORBITS,  developed  by  J.  Harold  and  K.  Hennacy. 
allows  the  student  to  explore  planetary  systems  with  one  or  two  massive  bodies 
and  up  to  five  light  planets,  "ilie  motion  can  be  shown  in  the  center  of  mass  or  in 
the  rest  frame  of  one  of  the  bodies.  For  example,  when  the  student  views  a  system 
consisting  of  oiu-  sun.  the  earth,  and  satum  in  the  earth  frame,  he  sees  the  sun  and 
salum  executing  Ptolemaic  epicycles.  The  program  demonstrates  the  importance  o* 
the  Copemican  choice  of  the  rest  frame  of  the  sun  in  a  way  that  cannot  be 
explained  in  a  textbook. 

The  Maiyland  University  Project  in  Physics  Educational  Technologv  is  supported  by  the 
Fund  for  the  Improvciwent  of  Post  Secondary  Education  and  by  the  ffiM/ACIS  program. 


Intuition-Building  Tool  Kits 
Physical  Systenns 

Charles  A.  Whitney  and  Philip  Sadler 

Harvard  College  Observatory,  Cambridge,  MA  02138 


To  acquire  kiiov,iC<:^e,  students  must  confront  and  clear  a  jvay  misconceptions.  One 
way  to  do  this  is  to  explore  and  build  intuitions  about  systems.  Such  heuristic 
understanding  allows  students  to  replace  misconceptions  and  to  ini  :mal!ze  the 
essence  of  b^Mc  physical  laws. 

Computer  simulations  permit  the  creation  of  microworlds  that  were  formerly 
found  only  in  expensive  laboratories  or  science-fiction  novels.  Simulations  permit 
an  intimate  and  interactive  view  of  the  models  that  form  the  basis  for  much  of 
modem  science.  They  can  provide  a  powerful  method  for  testing  preconceptions 
and  for  building  the  qualitative  intuitions  that  precede  quantitative  reasoning.  If 
property  designed,  simulations  can  also  provide  teachers  with  the  opportunity  to 
develop  their  own  insights  and  then  use  the  simulations  for  further  exploratioa. 

We  are  developing  computer  tool  kits  for  performing  insight-generating  experi- 
ments. These  tool  kits  will  provide  open-ended  experiences  for  students  and  teach- 
ers, permitting  them  to  explore  their  own  q  jes:>;oas  and  to  set  up  experiments  of 
their  own  designs. 

Many  topics  lend  themselves  to  simulation.  Our  selection  of  topics  will  be 
based  on  the  extent  to  which  the  tool  ki>  promises  to  do  the  following: 

•  Raise  questions  of  interest  lo  scientists,  teachers,  and  students. 

•  Be  transparent,  so  ihe  user  can  see  the  process  unfolding. 
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•  Be  flexible,  so  the  user  can  design  a  personalized  system,  within  necessary  con- 
straints, and  explore  preconceptions. 

•  Be  dynamic,  so  the  user  can  make  predictions  and  compare  the  behavior  of  the 
system  with  expected  behavior  and  look  for  discrepancies.  This  will  allow  the 
user  to  relate  new  insights  to  prior  knowledge, 

•  Be  coherent,  in  the  sense  that  the  topic  can  be  described  verbally,  so  quantita- 
tive variables  can  be  defmed  explicitly  and  rules  of  behavior  (laws  of  nature) 
can  be  articulated  This  property  provides  the  basis  fcr  an  analytical  approach  to 
the  system  and  places  it  within  the  context  of  school  curricula. 

We  will  demonstrate  two  of  the  tool  kits  that  appear  promising  on  the  basis  of 
preliminary  studies.  Our  heat-engines-and-refrigerators  tool  kit  simulates  a  classi- 
cal gas  of  particles  in  a  box  with  moving  walls  and  valves.  Our  star-builder  tool  kit 
simulates  the  interior  structure  of  stars  by  showing  a  self-gravitating  system  of 
material  particles  that  colli^  ^nd  exchange  ener^  with  a  photon  gas. 


Interactive  Physics  Problems  for 
the  Microcomputer 

Chris  E,  O'Connor,  Gary  M.  Fechter,  and  James  M.  Tanner 

Department  of  Physics,  US.  Military  Academy,  West  Point,  NY  10996 


The  department  of  physics  of  the  U.S.  Military  Academy  has  developed  and  is  cur- 
rently using  a  microcomputer-based  software  system  that  facilitates  authoring  and 
presenting  interactive  physics  courseware  The  system  has  been  used  to  develop  a 
library  of  problems  that  are  used  by  1.000  students  as  assigned  homework  prob- 
lems in  our  calculus-based  inuoductory  physics  sequence.  This  library,  which  rui- 
rcnlly  includes  over  20O  problems  and  tutorials,  is  textbook  independent  and.  in 
principle,  could  be  used  by  students  in  any  similar  introductory  sequence.  The  pro- 
grams run  on  IBM  PC-compatible  computers. 

This  system  consists  of  three  parts:  (1)  authoring  software  that  assists  ai. 
instructor  in  preparing  and  modifying  files  containing  text,  graphics,  and  branching 
commands;  (2)  a  library  of  files  that  form  a  set  of  interactive  problems  and  tutori- 
als; (3)  presentation  software  that  interprets  the  library  files  and  manages  the 
progress  of  the  learner  through  the  problems  or  tutorials. 

The  authoring  software  is  a  simplified  language  that  "hides"  the  usual  specifics 
of  computer  programming,  thus  permitting  the  author  to  focus  on  the  design  of 
courseware.  Lessons  are  wriuen  by  creating  text  files  confining  commands  that 
are  interpreted  by  the  authoring  and  presenting  software.  Authors  can  prepare 
library  materials  using  a  word  processor  or  text  editor  of  their  own  choice.  The 
authoring  software  can  also  edit  the  library  materials. 
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Commands  are  available  to  display  text,  special  characters,  and  symbols  on  the 
screen.  The  current  set  of  special  characters  includes  Greek  letters  and  mathemati- 
cal symbols,  and  addiuonal  characters  can  be  added  to  the  program  as  required. 
Superscript  or  subscript  characters  can  be  displayed,  and  vector  quantities  can  be 
indicated  with  a  vector  symbol  over  the  character.  The  spacing  between  lines  can 
be  adjusted  to  display  the  information  exactly  as  ine  author  wishes. 

The  author  can  create  graphical  displays  using  commands  that  include  lines, 
circles,  arcs,  dashed  lines,  filled  regions,  and  vectors.  Using  these  graphical  com- 
mands* the  author  can  create  illustrations  and  display  them  intermixed  with  text 
anywhere  on  the  presentation  screen.  Once  a  picture  has  been  drawn  on  the  screen, 
a  section  of  the  drawing  can  be  copied  to  memory  and  repeatedly  drawn  on  the 
screen,  which  results  in  simple  animation.  An  object  on  the  screen  can  be  moved  in 
any  direction  with  constant  or  accelerated  motion,  which  allows  realistic  represen- 
tation of  dynamic  physical  situations. 

The  author  can  use  a  plot  command  to  display  polynomials,  damped  or 
undamped  sinusoids,  and  exponential  functions  on  a  rectangular  coordinate  sys- 
tem. Such  displays  allow  the  author  to  show  the  learner  how  the  graphs  relate  to 
the  problem.  Commands  for  drawing  coordinate  axes  with  a  grid  superimposed  are 
also  included. 

A  series  of  commands  conU'ol  the  progress  of  the  learner  through  the  library. 
The  author  can  require  the  student  to  calculate  a  numerical  answer  and  then  enter 
the  ariswer  into  the  computer.  If  the  numerical  answer  is  within  a  specified  range  of 
the  correct  answer  and  the  correct  units  are  included,  the  program  branches  to  a 
new  file.  Incorrect  answers  branch  to  a  file  that  leads  the  learner  through  the  prob- 
lem step  by  step.  Another  answer  command  provides  multiple-choice  question  pro- 
cessing. This  command  is  also  used  to  branch  to  different  sections  of  a  problem 
based  on  responses  to  menu  choices.  An  exact  answer  command  is  also  provicI^xl. 
It  presents  a  fill-in-the-blank  question  that  the  learner  must  answer  exactly  as 
required  before  proceeding.  This  command  allows  for  simple  questions  that  ensure 
that  the  student  is  following  the  problem  presentation. 

Each  student  is  provided  with  a  copy  of  the  presentation  software  that  is  used 
throughout  the  course.  The  presentation  software  is  a  subset  of  the  authoring  soft- 
ware. It  can  interpret  commands  but  not  edit  them.  The  lessons  are  disu^ibuted  as 
files  containing  the  commands  that  are  processed  by  the  presentation  software.  A 
student  simply  types  the  prcgraip  nanie  to  start  the  presentation  software  and 
selects  problems  from  a  menu. 

Although  the  library  described  in  this  paper  is  specific  to  the  introductory 
physics  course,  the  system  may  be  used  for  writing  and  presenting  material  at  any 
level  in  any  discipline.. 

In  my  demonstration,  I  will  present  sample  interactive  problems  and  tutorials 
from  the  existing  library. 
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Interactive  Inquiry  with  TK  Solver 
P/t/sSof(ware  in  the  Graduate 
School  Ciassroonn 

Kirk  A  Mathews 

Department  cf  Engineering  Physics,  Air  Force  Institute  of  Technology,  AFfT/ENP,  Wright- 
PauersonAFB,  OH  45433 

I  teach  an  introductory  course  in  physics  with  engineering  applications  in  an  inter- 
disciplinary program  at  the  graduate  level.  In  some  respects,  this  course  is  compa- 
rable to  undeigmduate  level  physics  for  physics  majors.  In  this  paper  I  discuss  how 
I  have  integrated  TK  Solver  Plus  software  into  my  classroom. 

TK  has  recently  been  made  available  in  a  college  edition  at  a  cost  comparable  to 
that  of  a  textbook.  I  use  this  edition  of  TK  for  a  course  that  meets  in  a  computer 
classroom.  TK  requires  a  PC  or  PC-AT  compatible  computer  with  PC-DOS  or  MS- 
DOS  2.0  cr  higher  and  384K  ram.  Each  of  my  students  has  a  Z-248  computer,  my 
Z-248  has  an  overhead  projection  display. 

ri^  is  an  effective  tool  for  addressing  areas  in  which  students  traditionally  have 
difficulty.  These  include  problem  solving,  visualizing  functions,  and  exploring 
functional  dependencies  that  are  implicit  (hence,  hidden)  in  systems  of  equations. 

Problem  Solving 

The  structure  of  TK  erxourages  a  properly  disciplined  approach  to  problem  solv- 
ing. It  uses  separate  sheets  (windows)  for  variables,  equations,  unit  ( onversions, 
lists  of  values  (fa  tabulation  or  graphing),  and  so  on.  The  variable  sh^^et  summa- 
rizes the  input  or  ouQ)ut  value  of  each  variable,  its  name,  its  units,  and  leaves  space 
for  a  remaiic  on  its  use.  The  rule  sheet  contains  equations  relating  the  variables. 
Filling  in  these  sheets  in  appropriate  order  in  class,  forces  the  student  to  approach 
problem  solving  in  a  logical  way:  what  do  I  know,  wha'  do  I  need  to  find  out,  how 
will  I  represent  these  things,  what  set  of  units  will  I  use,  what  equations  relate 
them,  what  unit  conversions  do  I  need?  Th.  structure  of  TK  maintains  this  disci- 
pline outside  of  class.  TK  function  sheets  detine  functional  relationships  using 
table  mappings,  simultaneous  equations,  or  von  Neumann-style  programming. 
They  support  a  top-down  analysis  to  more  complicated  problems.  The  seminar- 
style  rescntation  that  TK  allows  gives  students  hands-on  coaching  in  problem  for- 
mulation and  analysis.  The  time-consuming  algebra  (frequently  a  stumbling  block 
for  many  students)  L  eliminated  by  TK's  automated  numerical  solution.  By  freeing 
students  from  tedious  computation,  TK  allows  them  to  concentrate  on  the  problem. 

Vicualizing  Functions 

Students  have  difficulty  in  visualizing  functions  and  expressions.  Wit  •  TK  running 
on  each  desk,  I  have  the  students  plot  unfamiliar  functions  as  they  arise.  This  gives 
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them  bou)  familiarity  and  confldence.  Cbnsiderable  mathematical  sophistication  is 
required  to  visualize  even  modestly  complicated  expressions  or  compositions  of 
functions,  and  I  fmd  TK  useful  in  graphing  them,  both  in  the  computer  classroom 
and  in  prq>aring  viewgraphs. 


Exploring  Functional  Dependencies 

TK  also  helps  students  explore  the  relationships  that  are  implicit  within  systems  of 
equations.  TK  solves  for  lists  of  values  of  input  and  output  variables.  Since  any  list 
can  be  plotted  (linear,  semi-log,  log-log)  against  any  other  list,  such  relationships 
are  easily  investigated  without  explicit  analytical  solutions  and  computer  program- 
ming. This  makes  time  to  do  many  such  graphs.  By  adjusting  other  variables  and 
solving  again,  students  can  explore  parametric  variations. 

For  example,  students  can  explore  the  influence  of  various  values  of  mass, 
spring  constant,  and  damping  by  plotting  the  response  of  an  impulse-loaded 
damped  harmonic  oscillator.  Plotting  peak  displacement  as  a  function  of  damping 
then  oKHivates  an  analytic  solution  for  such  a  function. 

Another  aspect  of  physics  that  TK  addresses  is  the  use  of  experimental  data  to 
conflrm  a  theory  or  model.  Further  exploration  of  the  overdamped  case  revealed 
that  Z,  the  peak  displacement  (scaled  by  //(a  m)),  log-log  plotted  against 
y  =  (Y/a)  -  1  is  an  elegant  curve,  asymptotically  straight  for  small  y  and  for  large 
y.  This  is  the  sort  of  prediction  that  could  then  be  validated  by  experiment.  An  ana- 
lytic solution  for  this  can  be  obtained  (with  a  few  pages  of  algebra)  leading  to 


Although  this  parameuic  form  makes  the  asymptotic  behavior  accessible,  giv- 
ing the  slopes  of  -1/2  and  -2  for  the  graph  described  above,  students  are  unlikely 
to  discover  this  algebraically,  nor  to  And  such  a  proof  convincing. 


Pascal  Programming  Templates 

John  P.  Mclntyre,  Jr.  and  Edward  H.  Carlson 

Department  of  Physics  a^d  Astronomy,  Michigan  Stite  University,  East  Lansing,  Ml  48824 


A  program  skeleton  template^  is  a  valuable  tool  foi  xxganizing  a  programming  task 
and  improving  program  quality.  The  programmer  can  use  the  template  to  avoid 
repetitive  construction  of  "bells  and  whistles"— user  aids  such  as  modules,  head- 
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ers,  and  comments.  The  template  saves  programming  time  and  provides  a  uniform 
look  and  feel  to  a  library  of  programs.  The  resulting  programs  are  usually  nr^ore 
complete  and  clearly  structured  than  those  that  result  from  informal  program  con- 
struction. 

The  template  is  the  central  element  in  a  program-design  methodology  for  small 
and  medium-sized  programming  tasks  (up  to  about  200  lines  of  code),  it  has  the 
property  of  "code-to  ability. •'^  You  design  and  construct  your  program  at  the  key- 
board by  typing  comments  in  pseudo-code  (English  masquerading  as  a  program- 
ming langtiage)  right  into  the  template  modules.  After  the  design  is  complete,  you 
convert  these  to  Pascal.  The  template  is  also  valuable  for  coding  larger  programs, 
but  it  is  advisable  to  use  a  more  formal  design  methodology.  Carlson  describes 
many  advantages  of  templates  in  the  teaching  of  computing  for  physics.^ 

Pascal  is  beginning  to  overshadow  FORTRAN  for  engineering  an(f  physics  pro- 
gramming. Pascal  forces  the  programmer  to  employ  up-front  declaration  of  vari- 
ables and  encourages  modular  forms,  but  still  leaves  plenty  of  opportunities  to 
produce  muddled,  unreliable  Pascal  code.  Templates  provide  examples  of  clearly 
organized  code  and  foster  good  programming  discipline  in  students  and  experi- 
enced programmers  alike. 

We  prercnt  a  set  of  templates  written  for  Turbo  Pascal  4.O.,  which  can  easily  be 
modified  for  other  versions  of  Pascal.  Turbo  Pascal  4.0  includes  a  powerful  menu- 
driven  set  of  tools  (editor,  compiler,  linker,  and  file  handler)  that  case  the  task  of 
programming.  It  also  supports  "units,"  which  are  separately  compilable  sections  of 
code  to  be  called  from  the  main  program  or  each  other. 

We  distinguish  three  types  of  templates:  (1)  mean,  lean  ones  for  production  use 
by  programmers  familiar  both  with  templates  and  with  programming  in  the  given 
language,  (2)  verbose  ones  to  guide  a  programmer  using  a  template  for  the  fust 
time,  and  (3)  "samplers*'  to  guide  an  experienced  (template-using)  programmer  in  a 
new  language.  This  third  kind  of  template  contains  sample  constructions  so  the 
syntax  and  logic  of  ihe  new  language  can  be  absorbed  without  undue  page  flipping 
of  the  reference  manual.. 

Our  template  set  has  four  pieces:  a  main  program  template,  a  unit  template,  a 
set  of  sr.  all  utiKty  templates  in  files  for  pasting  into  the  main  or  unit  templates,  and 
a  utility  unit  called  "MSUulil." 

The  main  template  is  a  runable  (but  empty)  program  that  Tas  these  basic  fea- 
tures: header  information  (author*s  name  and  address,  machine  type  and  peripher- 
als, file  name  and  version  number,  date,  etc.),  modules,  empty  declaration 
statements,  forward  declaration  of  procedures,  and  a  skeleton  menu.  Forward  dcc- 
laraHon  allows  the  user  to  call  the  subprograms  and  functions  in  any  order,  and 
even  to  order  them  alphabetically  if  there  are  a  lot  of  them. 

The  unit  template  is  similar  to  the  main  template,  but  contains  the  structures 
unique  to  units. 

Turbo  PoKcal  4.0  allows  you  to  paste  files  into  the  current  edit  window  at  any 
spot  you  want.  It  pays  to  build  up  many  small  files  of  useful  constructions  (in  tem- 
plate form)  that  are  likely  to  reoccur  in  your  programs.  Examples  include:  open 
files,  close  files,  graphics-screen  setup,  "default  and  change  variable"  menu,  and 
^      perhaps  your  favorite  sort  routine. 
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The  "MSUuUr  vmi  hides  several  larger  utility  routines  that  will  probably  be 
used  with  no  change  from  program  to  program  in  your  corpus.  They  arc  called 
with  a  **uses**  declaration  in  your  main  program.  These  utilities  nclude  a  deader 
(for  printed  output),  restore  video  mode,  pause»  time,  stopwatch,  and  mouse  sup* 
port,  either  in  Utis  ve*'  Ion  or  a  later  one. 

1.  David  Marc*  ^plying  Software  Engineering  Principles  (Bosion:  Lilll«,  Brown  and 

Company,  i9UX  p.  52. 
2*  Roger  S.  Pressman,  Software  Engineering:  A  Practitioner's  Approach  (New  York: 

McGraw-Hill,  1982),  p.  262. 
3.  Edward  H.  Carlson,  "A  Template  for  Writing  Programs,**  Computers  in  Physics  1,  65 

(1987). 


FORTH  in  the  Laboratory 

Gary  Karshner 

Physics  Departmera,  Geinsburg  College,  Gettysburg,  PA  17325 


FORTH  language  has  been  used  to  bridge  the  gap  between  assembly  languages  and 
high-level  languages  in  a  physics-oriented  microcomputer  class.  It  is  especially 
adaptable  to  interfacing  projects  in  which  students  are  computerizing  laboratory 
experiments. 

At  Gettysburg  College,  the  microcomputer  course  has  inherited  many  of  the 
suiplus  microcomputers  from  other  deparuncnts.  This  collection  includes  Apples, 
r  M  PCs,  and  even  some  old  S-100  machines.  FORTH  language  has  proven  lO  be 
an  almost  machine-independent  language  that  allows  siMdcnts  to  work  on  projects 
using  any  of  these  machines  and  follow  the  work  of  other  students  who  have  used 
a  completely  different  architecture.  In  addition,  FORTH  proves  very  useful  in 
allowing  students  to  develop  relatively  sophisticated  interfacing  projects  in  mini- 
mal  time. 

There  are  distinct  advantages  to  using  any  high-level  language  in  interfacing 
experiments  to  computers:  the  availability  of  high-level  functions  (both  mathemati- 
cal and  logical),  easy  access  to  disk  storage,  and  efHcieni  debugging.  The  high- 
level  language  FORTH  has  these  advantages  and  n;ore.  It  is  extendible,  it  has  a 
built-in  editor  and  assembler,  and  it  can  run  in  i\/o  modes:  interpreter  and  compil- 
er. 

The  extcndibilily  of  FORTH  ?  its  most  powerful  asset  It  is  an  extensible  lan- 
guage, in  which  each  word  is  trailed  on  the  same  level  as  any  other.  If  the  user 
writes  a  specific  word,  say»  to  read  a  voltmeter,  then  this  word  becomes  part  of  the 
language.  It  can  be  included  in  any  other  programs  (words)  the  user  writes,  or  it 
can  be  executed  in  interpreter  mode,  simply  by  typing  it,  to  see  the  current  status  of 
the  voltmeter.  This  feature  of  extendibility  suits  FORTH  uniquely  to  a  laboratory 
^tting. 
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As  an  example  of  ihis.  wc  have  taken  two  sq)araic  classical  cxpcrimcnlal  pro- 
cedures (measuring  resistivity,  and  monitoring  temperature)  and  have  used  FORTH 
to  ^mbine  them  to  plot  change  in  resistivity  with  temperalt'Te  of  a  supcrconducicr. 
In  our  presentation,  we  will  explicitly  deial  the  implementation  of  the  FORTH 
code  necessary  to  cany  out  this  experiment 

The  use  of  FORTH  in  our  microcomputer  course  has  drastically  improved  the 
quality  and  complexiiv  of  the  students*  projects  in  the  course. 


Logo  in  the  Physics  Classroom 

Vorr)  Lough 

Department  of  Physics,  Piedmont  Virginia  Community  College,  Charlottesville,  VA  2290 J, 
on  leave  from  Department  of  Physics,  University  of  Virginia,  Charlottesville,  VA  22901 

Since  its  release  to  the  public  in  the  early  1980s,  the  Logo  computer  language  has 
been  characterized  as  a  computer  language  only  for  children.  This  could  not  be  fur- 
ther from  the  truth,  Dcvebpcrs  Seymour  Papcrt  and  others  at  the  Massachusetts 
Institute  of  Technology  originally  designed  Logo  as  a  computer-based  "Maihland/* 
and  it  has  a  close  kinship  to  physics. 

When  Papcrt  inu-oduccd  Logo  to  the  public  in  his  book,  Mindstorms^  he  devot- 
ed an  entire  chapter  to  the  use  of  Logo  in  the  study  of  physics.  It  was  uot  accidental 
that  one  of  the  Logo  development  group  members  was  an  MIT  physicist,  Andrea 
diSessa* 

Logo,  like  LISP,  performs  in  ways  that  enhance  physics  learning.  It  is  interac- 
tive, procedural,  extensible,  and  quickly  learned.  For  example,  after  I  take  ab(  ut 
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Figure  1 .    Vector  problem. 


ERIC 


47J 


470 


Authoring  Tools  and  Programming  Languages 


ten  minutes  to  explain  the  fundamental  concept  of  lunle  geometry  (a  seK  referenc- 
ing geometry)  and  a  few  Logo  commandf  'o  my  students,  they  immediately  plunge 
into  explorations  of  vectors,  displacement,  and  motion.^ 

The  graphics  cuts^  is  a  self-referencing  entity  called  a  turtle.  Instead  of  using  a 
Ttvnovt  coolrdinats-sysicm  origin  as  a  reference  point,  the  turtle  remains  aware  of 
its  heading.  Prior  to  moving,  the  turtle  can  turn  to  tlie  left  or  Jie  right  a  specified 
number  of  degrees-  Then,  like  its  living  counteiprnx,  the  turtle  can  move  forward  in 
reqxxisetothespprof  atecomnmnd. 

Using  the  commanos  FORWARD,  LEFT,  and  RIGHT,  students  can  make  up 
and  solve  their  own  vector-related  problems.  For  example,  in  the  following  set,  the 
problem  is  to  figure  out  what  RIGHT  (RT)  turn  and  what  FORWARD  (FD)  move- 
ment would  return  the  turtle  to  its  starting  position  (see  Figure  1). 

Logo  allows  insu-uctors  to  write  tool  procedures  for  specialized  operations, 
such  as  calculating  the  strength  of  the  electric  vector  in  an  elccu-osiatic  field.  Since 


Figure  2.    Electric  field  plots. 
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the  language  is  extensible,  this  means  that  the  names  of  such  tool  procedures 
become  ^)ecialized  conunands  as  far  as  the  students  arc  concerned.  Yet  they  can  be 
used  in  conjunction  with  any  odier  commands  or  inside  other  procedures.  Heie  are 
some  examples  of  student  explorations  in  electrostatics  (sec  Figure  2).  In  each 
case,  the  locations,  signs,  number,  and  sizes  of  the  charges  arc  completely  con- 
trolled by  the  students. 

LEGO  TC  logo  is  an  exciting  new  Logo  product  recently  brought  to  maricet  It 
is  a  combination  of  Logo  and  a  specially  assembled  set  of  Lego  bricks,  electric 
motors,  and  sensors.  This  product  enables  students  to  build  and  operate  their  own 
laboaatory  instruments  and  then  to  use  them  in  physics  experiments  by  controlling 
them  with  Logo.  The  potential  is  enormous. 

My  students  and  I  have  found  Logo  to  be  a  very  effective  adjunct  tool  for  learn- 
ing about  physics  and  about  the  process  of  experimentation.  I  heartily  recommend 
it  to  all  physics  leachc:  s  who  arc  seeking  to  free  their  students  to  Icam. 

1.  Seymour  Papcn,  M'mdstorms  (New  York:  Basic  Books.  1980). 

2.  Tom  Lough,  "Logo  in  Physics."  The  Physics  Teacher  24.  13  (1986);  "Logo  in  ihe 
Physics  Qass,"  Collegiate  Microcomputer  4. 353  (1986). 


Instructional  Scripts  with  SMP 

Russell  J.  Dubisch 

Department  of  Physics,  Siena  College,  Loudonville,  NY  12211 


Many  computer  algebra  systems  allow  the  use  of  scripts  that  have  syntax  and  capa- 
bilities similar  to  those  of  compilable  programming  languages.  Computer 
system-based  algebra  software  has  many  advantages.  It  allow,  the  user  readily  to 
examine  and  diagnose  student  input  in  algebraic  form:  it  gives  the  user  ready 
access  to  numerous  qxjrational  and  diagnostic  capabilities  of  the  computer  algebra 
system;  and  it  is  easy  to  program. 

A  development  team  con>isting  of  faculty  and  students  at  Siena  College  has 
been  making  use  of  a  rapid  {»rototyping  systcn  to  generate  scripts  in  the  computer 
algebra  system  SMR  The  scripting  system  .s  a  set  of  nested  predicate  lists  hav- 
ing the  smicture  of  a  tree  whose  elements  are  "predicates"  (5Af/*-scripled  funcdons 
that  return  a  true  or  false  value  when  evaluated)  and  "consequents,**  (5Af/*-scriptcd 
functions  that  are  evaluated  or  not,  depending  on  their  positions  (uiie  or  false] 
within  the  predicate  list).  For  example, 

(Prcd,  (Conseql,  Conseq2)] 

results  in  the  evaluation  of  Conseql  if  Prcd  evaluates  to  une.  or  in  the  evaluation 
of  Conseq2  if  Prcd  evaluaies  to  false. 

The  prototyping  system  is  fully  recursive  and  supports  hierarchical  mcnuing 
features.  It  is  presently  being  used  on  a  VAX  network  and  on  the  Sun  3/260  work 
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station  to  develop  computer-assisted  i'^^^tructional  software  for  the  general  physics 
and  first-year  calculus  courses.  We  are  currently  focusing  our  development  eflfoits 
on  two  packages:  (1)  a  system  to  make  SMP  easily  usable  for  students  having  no 
compater  preiequi^tes  or  special  training  in  computer  algebm  systems^  and  (2)  an 
inceractive  problem*solving  database  directed  at  identifying  errors,  difficulties,  and 
dead  ends  in  student  problem-solving  efforts.  We  will  integrate  these  packages  into 
our  physics  and  mathematics  course  curricula. 
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Curvefit:  An  Interactive  Graphing 
and  Data-Analysis  Program  for 
the  Macintosh 

Gyula  J.  Lorincz 

Vmvenitf  cf  Toronto,  Scarborough  Campus,  Scarborough,  Ontario  MIC  1A4,  Canada 


Most  physics  experiments  involve  rinding  the  line  or  curve  that  best  fits  the  data. 
Curvefit  is  a  Macintosh  jHogram  that  allows  students  to  quickly  and  easily  enter, 
gr^,  and  fit  a  polynomial  to  data.  It  was  developed  for  use  by  students  in  the 
undergraduate  physics  labs  at  Scaiborou^  campus  of  the  University  of  Toronto. 
The  ivpgram  was  written  in  MacFORTRAN  and  runs  on  a  512K  Mac,  a  Macintosh 
Plus,  or  a  Macintosh  SE. 

Graphs  drawn  by  hand  are  limited  to  finding  the  best  line  through  the  data; 
finding  the  uncertainties  in  the  slope  and  uiiercept  is  difficult  Curvefit  allows  sUi- 
dents  to  do  a  much  more  detailed  analysis  of  their  data  in  the  time  available.  It 
allows  higher-order  polynomials  tO  be  fit,  and  it  gives  the  standard  deviations  and 
cwrelations  of  the  coefficients.  In  addition,  it  plots  the  deviations  of  the  points 
from  the  curve,  from  which  students  can  evaluate  the  fit  and  look  for  nonlinearity 
or  systematic  mots. 

Curvefit  fits  a  polynomial  of  degree  less  than  or  equal  to  8  to  the  data  points. 
Either  the  x  ory  values  may  be  transformed  before  the  fit;  the  errors  arc  also  api»o- 
priately  transformed.  One  of  three  types  of  tit  may  be  performed:  a  standard  least- 
squares  fit  (equal  weights);  a  fit  weighted  with  y  errors  only;  or  a  generalized 
least-squares  fit  (both  x  and  y  have  errors).^ 

Because  the  program  has  the  standard  Macintosh  interface,  (menus,  windows, 
and  dialogues),  it  is  easy  to  teach  students  to  use.  There  arc  five  menus,  and  the 
"Appb,**  **Pile,*'  and  "Edit"  menus  arc  the  same  as  in  any  Macintosh  program. 
There  is  also  an  "Options"  menu  to  control  the  number  of  terms,  the  weighting  of 
the  fit,  the  transformations,  and  so  on;  and  a  "Windows"  menu.  Since  common 
operations  such  as  opening  and  saving  files,  printing,  and  editing  arc  done  with 
«andard  Macintosh  techniques,  the  experience  gained  using  Curvefit  rcduccs  the 
time  students  nsed  to  learn  other  programs. 

Curvet  is  based  on  four  windows:  "Data,"  "Graph,"  "Results,"  and  "Scatter 
Hot**  The  "Data"  window  contains  a  four-coiumn  array,  similar  to  a  spreadsheet; 
which  is  used  to  enter  and  edit  the  values  (with  errors)  to  be  fit.  The  "Results"  win- 
dow displays  the  coefficients,  with  their  standard  deviations  and  correlations.  The 
data  points  and  the  fitted  curve  arc  plotted  in  the  "Graph"  window,  and  the  devia- 
tions arc  plotted  in  the  "Scatter  Plot"  window.  The  data  and  graphs  can  be  printed 
on  either  the  Imagewriter  or  LaserWriter,  or  saved  to  disk. 

1.  M.  Lybanon,  "A  Better  Least-Squares  Method  When  Both  Variables  have 
^         Unccrtoiniics,"  Am.  J.  Phys.  52, 22  (1984). 
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rynamic  Analyzer 

Roger  R  Sipson 

DqKurtmau  &f  Phydcs,  Moorhead  Stale  University,  Moorhead,  MN  56560 


Dynamic  Analyzer  is  an  IBM  PC  program  that  allows  investigation,  within  a  con- 
sistent interface,  of  a  variety  of  dynamic  phenomena  that  aie  determined  by  sys- 
tems of  cvdinary  differential  equations.  Examples  of  currently  installed  studies 
include  projectile  motion,  simple  harmonic  motion,  nonlinear  oscillations,  and 
motion  of  a  charged  panicle  in  an  electromagnetic  field*  Each  study  allows  oucput 
of  a  number  of  variables,  including  energies.  The  program  maintains  two  concur- 
rent runs.  The  initial  release  of  the  program  will  include  at  least  13  difTerent  stud- 
ies. Future  releases,  in  the  form  of  Dynamic  Analyzer  volumes,  will  include  other 
studies,  based  on  the  suggestions  of  users  or  possible  collaborators. 

The  program  is  a  major  redevelopment  of  the  Analyzer  program.^  A  pull-down, 
p(^up,  dialogue-box  interface,  which  is  similar  to  that  which  students  see  in  major 
applications,  is  used  throughout  die  program.  This  allows  transfer  of  student  com- 
puter literacy  both  to  and  from  the  program.  An  easy-to-use  text  and  graphics  win- 
dowing system  facilitates  comparisons  between  runs,  or  of  various  aspects  of  the 
same  run. 

Powerful  graphing  options  include  everything  from  simple,  full-screen  single 
graphs  to  simultaneous  ar.'mated  gr^hs  in  multiple  windows.  Graphics  systems 
supported  arc  CGA,  Hercules,  MCGA  OBM  PS/2  model  30),  EGA  (monochrome 
and  color),  and  VGA.  The  grai^  mode  is  set  at  run  time  so  student  disks  can  be 
used  in  whatever  machine  is  available  to  them.  Built-in  printer  support  (IBM 
Graphics-compatible  printers)  allows  graph  printouts  of  the  full  screen  or  any  of 
the  available  windows. 

Numerical  ''browsers"  allow  the  user  to  scroll  back  and  forth  through  the  out- 
put The  user  selects  the  variables  included  within  a  browser  and  its  screen  win- 
dow. The  availability  of  nine  browsers  allows  easy  comparison  of  different 
variables,  difTerent  runs,  and  different  parts  of  runs.  This  encourages  the  students 
to  use  numerical  inspection  of  run  results  as  well  as  graphical  inspection  and  to  see 
•  that  each  of  these  modes  have  particular  strengths.  The  fast  and  convenient  on- 

screen numerical  support  discourages  wastc^i'l  printer  output 

Setup  flies  can  be  used  to  save  and  restore  run,  numerical,  and  graphical  setups. 
These  files  are  like  macro  files  in  that  they  save  and  restore  conditions  that  have 
been  established  using  the  menu  system.  Run  files  establish  all  run  conditions: 
which  studies,  all  parameter  values  (masses,  spring  constants  etc.),  initial  condi- 
tions, computation  intervals  and  any  special  stop  conditions.  Graph  setup  files  save 
and  restore  full  graphing  setups,  which  may  include  up  to  four  setups  of  tour 
graphs  each.  These  setup  files  do  not  contain  actual  graphs,  but  instead  include 
instructions  to  the  program  as  to  which  graphs  to  draw  how  and  where.  For  exam- 
Q       a  setup  in  a  setup  file  for  simple  harmonic  motion  might  include  an  animated 
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view  of  the  motion  in  the  upper  left  and  simultaneously  develop  X-T,  V-T,  and  /  -T 
graphs  in  the  other  three  quadrants.  This  setup  will  work  for  any  SHM  study  anu  is 
independent  of  the  graphics  hardware. 

The  program  ii.cludes  a  built-in  clipboardlike  work  file  and  editor,  into  which 
numerical  results  and  run  conditions  can  be  pasted  directly.  Students  can  paste 
parameters,  initial  conditions  and  other  run  information  into  a  work  file,  then  cut 
and  paste  significant  blocks  of  numerical  results  into  the  file,  possibly  individual 
rows  or  even  individual  values,  and  simultaneously  use  the  editor  to  write  their 
reports  around  these  values.  Learning  to  use  cut-and-pasie  operations  is  an  impor- 
tant part  of  developing  student  computer  literacy. 

At  least  as  important  as  student  use  of  work  files  is  th?t  instructor-generated 
work  files  can  also  be  used  as  tutorials.  In  a  typical  session,  the  instructor's  file 
guides  the  students  to  read  in  one  or  more  run,  browser,  or  graphics  setup  flics  that 
have  been  designed  to  develop  certain  concepts,  and  then  indicates  what  to  look 
for.  The  student  might  be  told  to  edit  certain  parameters  or  initial  conditions  and 
then  view  the  results.  The  insuuctor  flie  can  even  include  blanks  into  which  the 
student  types  a  response.  The  flic,  or  a  printout,  can  then  be  turned  in. 

A  significant  strength  of  this  program  is  that  it  permits  simultaneous  study  of 
two  different  phenomena.  For  example,  one  study  can  be  pendulum  motion  and  the 
other  ordinary  SHM.  Useful  graph  setups  might  include  an  animated  view  of  the 
oscillator  motion  in  one  window,  an  animated  view  of  the  x-y  motion  of  the  pendu- 
lum in  another  window  and  graphs  of  X  vs.  time  and  6  vs.  time.  Other  graphs 
might  show  energy  relationships.  Students  can  then  adjust  the  initial  conditions  for 
the  pendulum  to  be  small  amplitude,  medium  amplitude,  and  even  over-thc-top 
motion  and  they  can  then  see  similarities  and  differences. 

The  program  Dynamic  Analyzer  is  pari  of  the  coUcclion  Computers  in  Physics  Instruction. 
Software,  which  can  be  ordered  by  using  ihe  form  al  ihe  end  of  the  book. 

1,  R.  F.  S»pson,  ** Analyzer,  an  Auempl  al  a  Physics  Processor,"  aapt  Announcer  16,  123 
(1986). 


The  Use  of  Equation  Solvers  in 
Physics  Instruction  and  Research 

Robert  Rundel 

Department  of  Physics  and  Astronomy,  Mississippi  State  University,  Mississippi  State, 
MS  39762 


A  new  basic  category  of  software  has  recently  appeared  that  is  of  particular  interest 
to  physicists — the  equation  solver.  A  true  equation  solver  is  not  just  a  computer- 
ized calculator.  An  equation  solver  can  do  iterative  solving.  And  roots  of  polynomi- 
al and  transcendental  equations,  calculate  simultaneous  equations  subject  to 
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constraints,  and  do  nonlinear  least-squares  curve  fitting.  It  can  also  do  fast  Fourier 
transforms  and  their  inverses.  The  results  of  these  calculations  can  easily  be  plotted 
in  a  variety  of  formats  for  display. 

Because  they  require  no  programnjing  and  their  capabilities  are  easily  accessi- 
ble to  those  with  little  or  no  programming  experience,  equation  solvers  are  very 
helpful  in  all  areas  of  physics  research.  Because  they  work  in  an  interactive  man- 
ner, they  are  also  very  useful  in  classroom  instruction.  When  input  to  calculations 
is  changed,  the  results  and  their  graphs  change  instandy.  Equation  solvers  are  to 
scientists  what  ^readsheets  are  to  businessmen. 

In  my  presentation,  I  will  review  the  characteristics,  capabilities,  and  user  inter- 
face of  a  number  of  commercial  equations  solvers,  including  MaihCAD,  Eureka, 
DaDisp,  Point  Five,  and  The  Wheel, 

For  most  physics  tasks,  the  equation  solver  of  choice  is  MathCAD.  MathCAD 
combines  equation  solving  with  a  word  processor,  a  text  formatter,  and  'St  excel- 
lent gr^h  plotter.  MathCAD  includes  a  truly  impressive  array  of  built-in  functions 
and  capabilities.  It  has  the  normal  uig,  hyperbolic  trig,  log,  exponential,  and  power 
functions,  and  a  random-number  generator.  It  can  also  do  numerical  differentiation 
and  integration,  find  the  roots  of  a  polynomial  (you  must  supply  an  inidal  guess), 
do  cubic  spline  interpolation  (very  useful  for  connecting  experimental  data  points 
with  a  smooth  curve),  and  calculate  fast  Fourier  transforms.  It  can  handle  arrays, 
including  finding  the  largest  or  smallest  member  of  the  array,  and  it  can  use  com- 
plex numbers  as  well  as  real  ones.  If  it  doesn't  have  your  favorite  fimction  built  in, 
you  can  define  your  own  functions.  These  functions  can  be  nested,  that  is,  the  argu- 
ment of  a  function  a^^  be  itself  a  function.  MathCAD  is  also  particularly  good  at 
handling  arrays  of  data.  It  can  read  from,  vvrite  to,  and  append  to  data  files,  which 
contain  numbers  separated  by  commas,  spaces,  or  other  nonnumeric  delimiters. 
The  data  may  be  shown  in  the  worksheet  in  the  form  of  a  nicely  formaUcd  table. 

As  you  type  an  equation,  A/a/ACADautomatically  formats  it  for'^ou.  The  for- 
matting is  not  paiacularly  good,  since  all  text  characters  are  shown  the  same  size, 
and  subscripts  or  exponents  arc  mov^^d  up  or  down  one  line.  Brackets,  radicals,  and 
integrals  do  expand  to  match  whatever  is  inside  them.  However,  it  is  substantially 
easier  to  read  than,  for  example,  a  line  of  BASIC  code  expressing  the  same  equa- 
tion. When  you  type  an  opening  parenthesis  (su^gcly  enough,  by  typing  the  apos- 
trophe key).  MathCAD  automatically  supplies  the  closing  parenthesis.  When  you 
delete  one  part  of  a  set  of  parentheses,  MathCAD  automatically  deletes  the  other 
part  as  well. 

You  can  graph  any  function  or  variable  against  any  other.  Typing  the  @  key 
inserts  a  plot  region  into  the  worksheet.  A  small  open  square  appears,  with  three 
smaller  filled  squares  along  the  bottom  and  left  side.  These  are  place  holders,  in 
which  you  enter  the  function  or  variable  to  be  plotted  on  that  axis,  and  the  mini- 
mum and  maximum  values  of  the  scale  for  that  axis.  You  can  plot  several  functions 
in  the  same  plot,  just  by  entering  more  dian  one  function  name  in  the  place  holder. 
The  plot  region  can  be  stretched  to  any  desired  size,  logarithmic  axes  may  be  used, 
and  a  grid  may  be  supcrunposcd  on  the  plot  If  data  points  arc  being  plotted,  you 
may  choose  from  a  variety  of  plotting  symbols,  decide  whether  the  points  should 
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be  connected  by  lines,  and  show  error  bars.  Whenever  a  worksheet  is  recalculated, 
the  graph  is  redrawn  to  reflect  the  current  data. 

I  nnd  it  particularly  useful  tiidi  MathCAD  understands  units.  It  u^ts  a  unit  sim- 
ply as  a  multiplier  in  an  equation,  and  keeps  u^k  of  compounded  units  by  analyz- 
ing the  dimensionality  in  terms  of  mass,  length,  and  time.  If  you  supply  a  table  of 
units  conversions  somewhere  in  the  worksheet,  MathCAD  does  units  conversions 
by  allowing  you  to  edit  the  unit  of  calculated  quantity.  Once  the  edit  is  complete, 
the  number  is  recalculated  for  the  new  unit 

The  piice  de  resistance  of  the  MathCAD  is  its  math  capabilities,  vectoi  and 
matrix  operations,  and  iterative  solving.  MathCAD  understands  vectors  and  matri- 
ces completely.  They  can  be  created  and  manipulated  in  a  whole  variety  of  ways. 
You  can  calculate  dot  and  cross-products,  invert  matrices,  and  calculate  their  trace 
or  determinant.  Many  math  texts  use  the  language  of  matrices,  for  example  in 
curve-fitc.ng  techniques  and  it's  quite  easy  just  to  type  the  mauix  equations  into 
MathCAD  straight  out  of  the  text. 

MathCAD  also  uses  the  idea  of  a  vector  for  another  very  useful  purpose.  Instead 
of  deflning  a  subscripted  array,  and  then  looping  through  a  calculation  on  each 
member  of  the  array,  you  can  deflne  a  vector,  containing  the  entire  array,  and  then 
use  that  vector  as  if  it  were  a  single  variable  in  an  equation.  The  calculation  is  car- 
ried out  more  rapidly,  and  the  equations  are  much  easier  to  read. 

MathCAD  has  two  forms  of  iterative  sowing.  You  can  use  the  root  function, 
which  finds  a  root  of  any  equation  f(x)  =  0  starting  from  some  guess  for  x. 
Although  you  have  to  supply  the  guess,  and  the  root  found  may  depend  on  the 
guess,  it's  so  easy  to  plot  an  equation  in  MathCAD  to  see  approximately  where 
roots  may  lie  that  that's  really  no  problem. 

For  more  complex  iterative  solving  involving  constraints,  MathCAD  uses  a 
solve  block,  which  consists  of  an  area  in  a  worksheet  starting  with  the  key  word 
"Given,"  followed  by  any  number  of  equations  or  consu*aints,  and  ending  with  an 
equation  that  includes  the  And  function.  Once  you  set  up  this  solve  block  and  sup- 
ply initial  guesses  for  the  variables,  just  hit  the  "calc"  key  (F9)  and  MathCAD  will 
iterate  whatever  is  in  the  solve  block  until  it  reaches  a  solution.  You  can  conU'ol  the 
accuracy  by  setting  the  internal  tolerance  variable. 

To  test  MathCAD'^  iterative  solving  against  Eureka'^,  I  used  the  "Ladders" 
example  problem  supplied  with  Eureka  (set  up  a  45-foot  ladder  and  a  35-foot  lad- 
der in  an  alley  between  two  buildings  such  that  they  cross  each  other  10  feet  above 
the  ground).  This  problem  involves  solving  four  simultaneous  equations  in  four 
unknowns  with  the  consu^aint  that  all  variables  have  values  greater  than  zero. 
Starting  from  the  initial  gue&ses  given  in  the  Eureka  file.  Eureka  produced  a  non- 
sensical answer  (one  of  the  variables  was  less  than  zero),  while  MathCAD  propcriy 
reported  that  it  could  not  find  a  solution.  Given  a  bcuer  guess,  both  programs 
found  good  solutions.  Eureka  was  faster,  by  about  a  factor  of  two,  but  MathCAD 
was  more  accurate. 

It's  clearly  a  whole  new  worid  out  there  now.  Why,  oh  why,  wasn't  this  avail- 
able when  I  was  a  gnnluate  student? 
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MathCAD  in  the  Modern  Physics 
Course 

Don  M.  Sparlin 

Physics  Department,  University  ofMissowri-Rolla,  Rolla,  MO  65401 


In  1988 1  find  myself  at  the  dusk  of  time-consuming  programming  and  poor  graph- 
ics resolution,  and  at  the  dawn  of  outstanding  support  for  the  teaching  of  physics 
through  interactive  computer  computational  software.  The  available  prepared 
coursework  niaterials  are  exce^^lent,  but  restricting  at  the  upper-division  level.  I  am 
delighted  to  discover  more  and  more  incredible  computational  software  packages 
that  include  user-friendly  menus,  low  time  and  monetary  cost,  adequate  graphics, 
complex  math,  Fourier  analysis,  and  revelant  special  functions.  Used  with  a  math 
coprocesscM',  these  packages  are  even  fast  enough  on  a  S  MHz  machine.  EGA  is 
necessary  for  color  graphics  presentation,  but  Hercules  resolution  is  just  flne  other- 
wises. 

I  have  recently  become  acquainted  with  the  Student  Edition  of  MathCAD.^  My 
students  find  thif  product  very  acceptable  for  everyday  homework  preparation  and 
especially  for  bonus  points.  I  And  it  useful  for  preparing  tests,  and  for  preparing 
''living*"  exercises.  The  main  use  of  MathCAD  has  been  for  bonus  points.  The 
students  woric  exercises  using  MathCAD  to  earn  a  maximum  of  ISO  bonus  points 
above  the  1,000  points  available  through  th'^  usual  mechanism  of  tests  and  home* 
work.  The  motivational  factor  of  hedging  against  poor  test  performance  while 
learning  to  use  software  that  applies  to  other  courses  as  well,  has  proved  to  be  iire* 
sistible. 

I  will  present  several  of  the  bonus  assignments  along  with  the  "living  exercis- 
es.*" I  will  also  discuss  student  reactions,  focusing  on  the  motivational  value  of  this 
procedure.  Finally,  I  will  address  the  difficult  problem  of  illegal  copies  of  the  soft- 
ware circulating  throughout  the  class. 

1.  MathCAD,  the  Student  Edition  (Reading.  MA:  Addison-Wcslcy). 


Ode:  A  Numerical  Simuiation  of 
Ordinary  Differential  Equations 

Nicholas  B.  Tufillaro 

Department  of  Physics,  Bryn  Mawr  College,  Bryn  Mawr,  PA  19101 ,  and  Graham  A.  Ross, 
Portland,  OR  97215 

Ode  solves  the  initial«value  problem  for  a  family  of  first-order  differential  equa- 
tions. When  provided  with  an  explicit  expression  for  each  equation.  Ode  parses  a 
see  of  equations,  initial  conditions,  and  control  statements,  and  then  provides  an 
Q  fTicient  numerical  solution. 
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Ode  makes  the  inilial*value  problem  easy  to  express.  For  example,  the  ode  pro- 
gram, 

#  an  ode  to  Euler 

y  '  1 
y'  *  y 

;\V  print  y  from  1 

step  0,  1 

prints  Z718282. 

The  Ode  User's  Manual  contains  a  guide  to  applying  the  program  and  a  discus* 
sion  of  its  design  and  implementation.  Ode  provides  a  simple  problem-oriented 
user  interface*  a  table-driven  grammar,  simplifying  extensions  and  changes  to  the 
language,  a  structure  designed  to  ease  the  introduction  of  new  numerical  methods, 
and  (considering  that  it  is  an  interpretive  system)  remarkable  execution  speed  and 
capacity  for  large  problems. 
K  Ode  currently  runs  under  the  UNIX  operating  system  on  machines  ranging 

from  micros  to  mainframes.  Ode  is  in  the  public  domain  and  is  in  use  at  numerous 
educational  and  industrial  sites.  The  source  code,  documentation,  and  copious 
examples  are  available  from  the  first  author.  Ode  has  been  used  in  many  research 
problems  and  incorporated  into  coursework. 


Computer  Desk-Top  Management 
for  the  Physics  Teacher 

Carl  R.  Nave 

Department  of  Physics  and  Astronomy,  Georgia  State  University,  Atlanta,  GA  30303 


The  personal  compute  is  a  powerful  resource  for  helping  wi'jfi  the  smttegy  and  the 
logi^cs  of  teaching.  This  paper  explores  the  use  of  a  Macintosh  computer  as  a 
organizer  and  handler  to  help  with  the  routine  tasks  of  physics  insutiction.  It 
considers  use  of  several  commercial  software  packages  en  a  stand-alone  basis,  and 
then  expkxes  their  integration  with  the  HyperCard  environment.  Specific  attention 
is  given  to  develc^ing  documents  with  loth  graphics  and  text,  storing  and  retriev- 
ing data,  solving  algebraic  problems,  and  searching  bibliographies.  The  overall 
goal  is  to  show  how  the  machine  can  serve  as  a  teacher's  aide  to  help  with  the 
time-consuming  tasks  of  prq)aring  materials  for  daily  classroom  use. 

If  a  physics  teacher  is  to  use  the  computer  for  preparing  exams  and  developing 
labs,  handouts,  and  other  instructional  material,  he  must  integrate  word  processing 
with  graphics.  This  was  a  major  problem  as  recently  as  five  years  ago,  but  there  are 
O     now  n'.«nerous  alternatives  for  incoiporating  graphics  quickly  and  conveniently.  I 
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discuss  the  use  of  desk  accessories  and  the  appIicatioMS  Switcher  and  Multifinder, 
Desk  accessories  like  MacSqn  allow  the  inclusion  of  equations. 

Next,  I  discuss  how  to  build  a  searchable  body  of  teaching  information  with  a 
word  processor.  Word  processing  constitutes  the  major  part  of  the  university  pro- 
fessor's use  of  a  corr^putcr.  In  a  198S  survey,  our  faculty  respondents  reported  that 
about  60  percent  of  their  computer  time  was  spent  in  woid  processing  and  that 
about  75  percent  of  their  computer  use  was  with  microcomputers  rather  than  the 
university  mainframe.  Thus,  developing  the  ^vord  procc^r  as  a  tool  for  the  teach- 
er is  of  titmost  importance. 

Algebraic  equation  solver  programs  like  the  commercial  software  package  TK 
Solver  are  a  great  help  in  developing  examples  and  graphics  in  numerically  tedious 
problems  like  thrce-lens  zoom  telephoio  design,  loading  of  a  tra  sformer,  aiid 
motion  in  a  viscous  medium.  TK  Solver  is  ^so  an  invaluable  tool  for  solving  sim- 
ple dynamics  problems  such  as  the  braking  distance  of  an  automobile  For  more 
elaborate  graphics,  an  integrated  spreadsheet  and  graphics  program  like  Microsoft 
Excel  is  an  amazing  tool  for  crcaung  models  for  handouts  or  slides.  For  example, 
usir.g  the  sensitivity  curve  of  the  eye,  you  can  factor  <he  radiation  curve  from  a 
candle  flame  to  get  a  graphical  representation  of  the  color  perception  of  a  candle 
by  the  human  eye.  By  patching  the  Excel  graphics  over  to  a  paint  program  to  create 
labeling  and  descriptive  tcxt^  the  instructor  can  create  a  one-page  handout  in  one 
short  session. 

Constructing  a  searchable  bibliography  as  rrcnt  reading  log  can  be  handled 
well  by  some  of  the  simpler  database  programs,  lljcse  are  quickly  learned  and  easy 
to  use.  I  will  discuss  developing  an  organization,  d'^veloping  a  quick-enuy  form, 
searching,  etc. 

I  also  discuss  some  specific  examples  of  the  use  of  HyperCard  in  physics  teach- 
ing. HyperCard  is  a  major  development  for  enhancing  the  Macintosh  as  a  teacher's 
tool.  It  helps  create  information  files  of  all  types,  which  can  be  linked  in  any  way 
you  wish  to  form  an  interconnected  web  of  information  that  can  be  followed  along 
a  logical  search  path  by  merely  clicking  "buttons*"  that  you  create  on  the  screen. 
An  example  is  a  periodic  table  of  the  elements  on  which  each  element  symbol  is  a 
button  that  takes  you  to  more  extensive  data  about  that  element,  and  other  buttons 
that  take  you  off  to  the  values  of  fundamental  constants  or  physical  data.  You 
access  this  data  bank  from  within  a  word-processing  program  or  spreadsheet,  and 
then  patch  in  the  needed  information.  HyperCard  takes  you  a  long  way  toward  the 
goal  of  an  affordable  "scholar  work  station"  in  which  information  and  working 
tools  are  almost  instantly  accessible. 
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Applications  of  New  Technology 
for  Large-Scale  Conriputer-Based 
Physics  Instruction 

Donald  L  Citzer 

Computer-based  Education  Research  Laboratory,  University  of  Illinois,  Urbana,  IL  6  J  801 

Denniu  J.  Kane 

Department  of  Physics,  University  of  Illinois,  Urbana,  IL  61 801 


The  PLATO  system  was  invented  at  the  University  ci  Illinois  in  1960.  In  the  inter- 
vening years  this  system  has  evolved  thrcugh  several  major  stages,  the  last  of 
which  has  culminated  in  the  new  NovaNET  system  currently  in  operation  During 
these  stages  of  development,  apiHOximately  16,000  hours  lesson  material  from 
ISO  different  subject  areas  have  been  created  Although  a  few  subjects  are  taught 
completely  by  computer,  most  of  these  courses  use  the  computer  for  30  percent  to 
SO  percent  of  the  instruction. 

The  PLATO  system  presents  a  flexible  approach  to  computer-based  education. 
The  system  software  provides  an  easy-to-use  authoring  language,  TUTOR,  to  pro- 
duce new  courseware.  Also  avaibble  is  an  instructor  package  that  permits  a  teacher 
to  form  a  curriculum  by  selecting  and  arranging  lessons,  to  enroll  students  in  the 
course,  and  to  {Movide  tools  for  measuring  and  tracking  students'  performance.  The 
student  terminal  has  a  S12xS12  pbcel  graphic  display  with  a  keyset  and  screen- 
touch  input  Some  of  the  terminals  also  provide  for  superposition  of  slides  on  the 
graq[)hic  display  by  rear  projection. 

The  physics  department  at  the  University  of  Dlinois  has  used  PLATO  in  four 
areas:  for  direct  instruction  in  a  complete  computer-based  introductory  classical 
mechanics  course;  for  administering  weekly  quizzes  in  an  elemer»tary  electricity, 
magnetism,  and  thennodynamics  course;  for  isolated  instructional  exercises  of  var- 
ious kinds  in  other  courses  from  the  elementary  to  the  graduate  level;  and  for 
administrative  uses  such  as  enrolling  and  dropping  students  in  large  multisection 
courses,  as  well  as  recording  and  displaying  scores  on  examinations,  hjmes^'c*: 
and  laboratory  woric  for  both  the  sUidents  and  insmictors.  Some  of  these  use  • 
be  briefly  discussed  in  this  psipet  More  detailed  descriptions  are  given  in  th  ^  reiv> 
ences  listed.  Innally,  a  description  of  the  new  NovaNET  system  will  be  g'ven  to 
show  how  these  PLATO  applications  can  now  be  expanded  across  the  United 
States  at  a  very  low  cost. 


The  Use  of  PLATO  in  Physics 

Because  over  2,000  suidents  enter  the  introductory  f  ysks  sequence  each  year,  the 
PLATO  applications  in  the  physics  depaitment  have  been  developed  to  be  usable 
^    and  manageable  for  large  numbers  of  students.  As  the  number  of  students  who 
1^  individualized  attention  increases,  management  problems  escalate  rapi  jly. 
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A  computer-based  education  network  consists  of  a  complex  human-and- 
machine  system.  There  are  many  human  players  at  each  level  in  the  system.  A  few 
players  are  highly  skilled  computer  programmers.  A  larger  numb;;r  consists  of 
those  vdio  create  lesson  material  and  instructors  who  mold  the  lessons  into  a  cur- 
riculum. The  end  users  or  students,  constitutes  the  largest  group,  and  they  are  the 
moa  naive  users  in  the  system. 

RroUcms  with  Ac  system  or  courseware  are  usually  detected  by  the  end  users. 
Conectioas  must  be  made  by  the  other  experts  in  the  system.  Consequently,  com- 
munication is  needed  between  users  at  all  levels  for  reporting  problems  and  imple- 
menting the  s^propriate  con.xrtive  stq[)s.  In  cmler  to  be  effective,  the  detection  and 
caTection  of  problems  must  take  place  quickly — not  in  days  or  nnonths.  This  pro- 
cess can  be  implemented  either  by  superimposing  a  human  management  layer  or 
by  providing  a  well-thought-out,  computer-communication  system  to  accomplish 
the  same  task.  Education  does  not  escape  entropy! 

Thus,  choosing  the  option  of  a  central-system  approach  to  solve  management 
problems  is  an  important,  time-saving  concept  Changing  or  correcting  lesson 
material  instantly  for  all  users  at  all  locations  and  collecting  and  disuibuting  sui- 
dent  data  such  as  performance  records,  test  scores,  class  standing,  and  comments 
on  lessons  are  some  examples  of  management  problems  that  are  solved  by  the  cen- 
tral system  approach.  Although  these  data  are  protected  from  unauthorized  access, 
they  can  be  viewed  by  both  students  and  insuiictors  at  any  location  and  at  any 
time. 


A  PLATO-Basbs.  Elementary 
Mechanics  Course 

The  eariy  devebpment  of  PLATO  physics  course  material  began  in  1970  with 
the  production  of  a  few  lessons  in  classical  mechanics.  By  1975,  with  the  help  of  a 
National  Science  Foundation  grant,  30  terminals  in  a  single  classroom  began  deliv- 
ering instruction  in  classical  mechanics  to  200  to  500  students  per  semester. 
Various  kinds  of  lessons  are  used  m  this  course,  with  the  major  emphasis  on  the 
use  of  tutorial  presentations  and  homeworic  exercises.  The  flexibility  of  the  PLATO 
system  is  important  in  both  of  these  applications.  New  principles  can  be  introduced 
by  using  grsq)hic$  to  illustrate  the  concq)t  dynanriically.  Questions  concerning  the 
new  principle  can  be  interspersed  with  the  demonstrations.  Students  can  use  alge- 
braic responses  tha:  Include  superscripts,  subscripts,  and  dimensional  units,  with 
the  computer  giving  meanbigfiil  feedback  to  such  responses. 

The  tutorial  lessons  help  the  student  to  acquire  an  understanding  of  fundamen- 
tal concqxs  and  then  to  use  those  concqxs  in  simple  applications.  The  student  is 
introdoced  to  new  concqHs  and  terminology  while  being  quizzed  on  the  new  mate- 
rial Throughout  the  lesson  thm  are  short  quizzes  consisting  of  problems  in  ran- 
dom o^  with  nmdom  panuneters.  If  the  student  cannot  answer  the  ^ 
for  hel^,  or  gives  an  incorrect  answer,  that  question  mppem  later  in  the  drill  wifi 
different  parroneters.  On  a  mastery  quiz,  which  is  presented  at  the  end  of  the  les- 
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son»  the  student  must  answ^  six  out  of  eight  questions,  but  no  help  is  provided  and 
answers  must  be  correct  on  the  first  try.  The  mastery  quiz  can  be  taken  at  any  time 
and  as  many  times  as  the  student  wishes.  However,  the  questions  always  appear  in 
a  different  orda  and  with  different  parameters. 

Graphics  and  simulations  are  used  extensively  to  illustrate  concepts  and  ^pli- 
cations. The  simulations  and  proof  are  followed  by  application  examples. 

Online  bomewoik  {Hoblems  follow  the  tutorial  lesson  for  each  topic.  Students 
buy  a  booklet  containing  pictures  of  these  problems  and  are  encouraged  to  solve 
the  probten^s  outside  of  the  computer  classroom,  although  some  opt  to  y/(A  on  the 
terminal  exclusively.  This  online  homework  provides  the  student  with  immediate 
feedback.  Answers  that  are  incorrect  or  have  improp^  form,  draw  an  appropriate 
comment  on  the  error.  If  the  response  is  incorrect  but  has  proper  form  and  correct 
un^ts,  the  student  is  told  of  the  error  and  is  offered  help.  If  the  "help"  key  is 
pressed,  a  full  discussion  of  the  problem  is  given. 

In  the  standard  course  there  are  two  one-hour  large  lecture  sessions,  a  two-hour 
small  discussion  session  and  a  two-hour  laboratory  session  each  week.  In  the 
n.ATO  version  of  the  course,  the  discussion  meetin'^  is  replaced  by  a  two-hour 
scheduled  PLATO  period.  The  students  are  free  to  use  more  PLATO  time  if  needed 
for  homework  and  review.  Typically,  another  two  hours  per  week  are  used  this 
w?y.  Completion  of  the  PLAIX)  lessons  and  online  homework  counts  as  20  percent 
of  the  student^s  final  grade. 

The  integration  of  the  computer-based  version  of  the  physics  course  with  the 
standard  aspects  of  the  course  have  provided  advantages  in  student  management 
Since  the  online  materials  are  so  detailed,  the  lecturer  can  concentrate  more  on 
demonstrations  of  physical  principles  and  less  on  elementary  exposition  of  topics. 
The  weekly  PLATO  session  is  a  time  for  suidents  to  work  on  the  terminals  with 
instructors  present  to  provide  additional  individual  help.  Using  the  online  grade- 
book,  instructors  can  immediately  discern  what  material  each  student  has  complet- 
ed and  in  what  areas  each  student  may  need  assistance.  In  addition,  students  can 
easily  determine  their  relative  standing  in  homework,  quizzes,  and  examinations, 
which  may  provide  incentive  for  them  to  seek  help  in  particular  areas. 

Since  the  online  gradebook  instantly  records  students'  performance  on  home- 
woric  and  quizzes,  the  insuiictors  are  not  only  freed  from  collecting  homework  and 
recording  grades,  but  also  have  immediate  access  to  these.  They  can,  after  review- 
ing the  data,  tailor  their  approaches  to  fit  students'  needs  and  provide  extra  help  in 
problem  areas. 

Grades  from  exams  and  labs  are  recorded  online  as  well.  Since  all  the  scores 
are  on  the  computer  and  can  be  combined  in  any  grading  algorithm,  the  task  of 
assigning  a  grade  at  the  end  of  the  semecter  is  simplified. 

An  electronic  mail  feature,  a  computet  bulledn  board,  and  an  open-forum  notes 
file  allow  communication  between  students  and  teaching  staH*,  as  well  as  among 
members  of  teaching  staff  (who  can  number  many  as  30  in  some  of  the  large 
courses).  Using  their  terminals  at  the  end  of  the  semester,  studen*"  are  able  anony- 
mously to  communicate  suggestions,  complaints,  and  evaluations  of  the  course. 
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Because  of  the  iaige  enrollment,  it  has  been  possible  to  operate  both  the  tradi- 
tional  and  the  computer-based  versions  of  the  course  in  parallel.  We  have  therefore 
been  able  to  study  some  effects  of  introducing  the  computer  into  the  course.  The 
computer-based  version  is  run  with  one-third  fewer  teaching  assistants.  However, 
results  from  botti  tise  students*  scores  on  tests  and  longitudinal  studies  of  perfor- 
mance in  future  physics  courses  show  no  significant  difference  between  the  stu- 
dents in  the  computer-based  version  and  those  in  the  traditional  course.  Each 
semester  the  students  in  the  computer  section  of  ir.e  course  are  asked  which 
method  of  instruction  they  would  prefer  for  their  next  ph^-sics  course.  Typically  60 
to  80  percent  respond  in  favor  of  a  PLATO-taught  course. 

PLATO  Quizzes  in  the  Elementary  Electricity, 
Magnetism,  and  Thermodynamics  Course 

The  course  following  classical  mechanics  in  Uie  elementary  physics  sequence 
teaches  electricity,  magnetism,  and  thermodynamic  \  Over  the  past  three  >ears,  we 
have  developed  a  system  for  administering  the  w  ekiy  quizzes  in  this  course  on 
PLATO.  Thus,  it  allows  more  faculty  conuol  over  this  important  but  tine-  consum- 
ing and  often  unevenly  administered  component  of  the  course.  Students  do  not 
have  a  weekly  two-hour,  small-group  disrvssion  meeting  with  a  teaching  assistant 
as  was  done  previously.  Instead  they  attend  an  additional  one-hour  large  lecture 
that  stresses  problem  solving  and  is  '»aught  ly  a  senior  faculty  member.  Students 

also  scheduled  to  take  a  quiz  covering  the  topic  for  the  week  on  PLATO. 

We  have  developed  a  set  of  12  quiz  problems  for  each  of  the  14  weekly  topics 
with  each  problem  ranging  from  four  to  ten  questions.  The  faculty  member  in 
charge  of  the  course  selects  eight  problems  to  be  used  out  of  each  set.  These  eight 
are  available  to  the  students  for  advance  practice  prior  to  the  quiz.  During  the  stu- 
dent's scheduled  quiz  time,  PLATO  chooses  one  of  these  problems  at  random, 
changes  the  numerical  values  in  the  problem  statement  (to  make  them  different 
from  the  practice  version),  and  administers  it  as  the  student's  actual  quiz  for  that 
week.  The  student  has  up  to  17  minutes  to  work  on  the  problem  initially.  At  that 
time  (or  before,  if  the  student  requests  it)  the  student's  answers  are  graded.  In  the 
case  of  an  inconect  answer,  the  student  still  receives  points  for  correct  units  or  for 
an  answer  calculated  correctly  but  based  on  an  incorrect  answer  to  an  earlier  ques- 
tion. The  student  then  has  up  to  eight  minutes  to  continue  working  on  the  quiz 
before  it  is  graded  again  for  the  Hnal  time.  This  hybrid  of  quiz  and  homcwoik  has 
turned  out  to  be  popular  with  the  students  and  is  perceived  by  most  of  them  as  an 
efficient  use  of  their  study  and  class  time. 

The  centralized  and  secure  aspects  of  the  PLATO  ne.work  are  essential  for 
administenng  this  quiz  system  to  as  many  as  1,100  students  who  may  be  enrolled 
in  the  course  in  a  given  semester..  PLATO  stores  every  answer  by  each  student 
throughout  the  semester  (allowing  for  later  review);  assigns,  stores,  and  renormal- 
izes  (if  necessary)  each  student's  scores;  and  can  present  up  to-lhe-minute, 
coursewide  results  instantaneously. 
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The  New  NovaNET  Systen. 

Ailhough  the  PLATO  system  has  been  successful  in  delivering  instruction  for 
many  years,  the  cost  of  usinf  ti.e  system  has  prevented  a  large-scale  expansion  at 
many  levels  of  education.  Now  a  new  system  has  been  designed  and  tested  to 
deliver  the  same  high-quality  computer  service  at  a  much  lower  cost  One  impor- 
tant criterion  of  the  new  system  design,  is  retaining  the  important  computer-man- 
aged features  made  possible  by  a  central  computer  approach.  This  requires 
efHcient  central  computing  along  with  a  much  more  cost-efficient  communication 
networic. 

The  attempt  to  reduce  total  system  costs  was  divided  into  ih.ref  vomponcnts:  the 
student  terminal,  the  central  computer,  and  the  communication  notvork. 

Low-Cost  Terminals 

Two  approaches  were  used  to  provide  large  quantities  of  low-cost  terminals. 
First,  a  new  low  cost  ($600-800)  monochrome  terminal  was  designed  and  pro- 
duced. It  has  a  resolution  of  840x512  pixels  and  su::poris  all  of  the  central  TUTOR 
programs.  This  terminal  is  ideal  for  those  who  ar  uUp^iJStcd  in  using  a  display  for 
TUTOR  programs  only  and  arc  willing  to  use  «  iigh.  pzn  mouse  instead  of  a 
touch  panel.  The  second  approach  was  to  provide  access  disks,  which  convert  stan- 
dard microcomputers  such  as  Macintosh,  IBM,  Atari,  and  Zenith  into  tenninals 
that  are  compatible  with  the  TUTOR  programs.  This  permits  owners  of  microcom- 
puters to  have  access  to  the  NovaNET  system.  Howevei,  the  quality  of  the  result- 
ing graphic  display  and  keyboard  interface,  depends  on  ihe  quality  of  the 
microcomputer  used.  Mere  recent  microcomputer*,  such  as  ;Jiose  ia  the  IBM  PS/2 
series^  make  excellent  PLATO  terminals. 

New  Low-Cost  Network 

In  an  environment  where  naive  computer  users  are  sharing  application  packages 
developed  by  experts  and  managed  by  a  computer,  central  processing  makes  a  lov/- 
cost  communication  networic  possible.  In  a  computer-based  education  application, 
most  computing  can  be  done  centrally  with  only  the  display  c(vie  transmitted  to  the 
user  temiinal.  Data  from  over  eighteen  million  terminal  contact  hours  have  consis- 
tently shown  that,  when  averaged  over  Jie  variety  of  users  and  applications,  the 
data  rates  from  the  users  to  the  computer  are  significantly  lowr^r  thap  the  data  rates 
from  the  computer  to  the  users. 

A  more  detailed  analysis  shows  that  even  though  a  peak  data  rate  of 
1,200-9,600  bits/secohd  may  be  delivered  to  the  u'^er  over  a  brief  period,  the  aver- 
age data  rate  is  approximately  240  bits/second.  The  data  from  the  end  user  to  the 
computer  are  typically  key  stroke  information.  Tne  keystroke  rate  sent  by  the  user 
may  be  as  high  as  KVsecond,  but  the  average  over  time  turns  out  to  be  1  kcy/2  sec- 
ond. This  asymmetrical  data  rate  requirement,  which  occurs  with  central  process- 
ing, piovidcs  a  unique  opportunity  for  low-cost  networking. 
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In  the  new  network  discussed  here,  the  communication  from  the  central  com- 
puter to  the  terminal  is  provided  by  a  satellite  T*l  carrier.  Since  this  channel  is  used 
in  a  broadcast  mode,  only  one  uplink  is  needed.  This  is  fonumic  since  uplinks  and 
channel  space  are  relatively  expensive.  Each  distant  receiving  site  needs  an  inex- 
pensive downlink  fur  receiving  the  data  and  a  telephone  line  (9,600  bits/second 
channel)  to  return  keystroke  infonnation  to  the  central  computers.  Each  T-1  chan- 
nel has  the  capacity  to  communicate  with  up  to  4,000  terminals  simultaneously,  but 
since  not  all  terminals  use  the  system  at  the  same  time,  the  T-1  channel  can  support 
as  many  as  8,000  connected  terminals. 

llie  phone-line  return  channel  has  several  advantages.  First,  the  phone  line  can 
suppcMt  over  300  terminals  because  of  the  low  data  rate  per  terminal.  Second,  the 
time  delay  irKurred  by  synchronous  orbit  satellites  is  avoided  in  the  return  path. 
This  allows  the  entire  communication  path  to  have  reasonable  human  response 
times  for  the  interactive  use.  Finally,  cost  of  the  phone  lin^  from  the  remote  sites  to 
the  central  computer  is  very  low  per  terminal. 

A  networic  driven  by  a  central  computer  does  not  and  should  not  preclude  the 
use  of  processing  at  other  places  in  the  network,  such  as  at  the  terminal.  There  are 
important  applications,  like  text  editing,  where  very  rapid  display  changes  may 
require  local  processing.  The  combination  of  processing  at  the  terminal  and  cen- 
tral-system processing  takes  advantage  of  the  best  of  both  situations. 

When  the  communication  system  is  loaded  (4,000  terminals  in  the  T-1  channel 
and  300  on  the  return  phone-line  channel)  the  estimated  cost  for  round-trip  com- 
munication between  the  satellite  downlink  and  the  computer  totals  approximately 
$10  per  month  per  terminal  for  full-time  access.  The  network  has  a  round- trip 
response  time  of  appoximately  one  third  of  a  second.  In  additi  jn  to  the  remote 
connection  costs,  the  cost  of  local  redistribution  must  be  added. 

High-Data  Background  for  Other 
Applications 

Each  T-1  carrier  has  the  capacity  to  communicate  with  approximately  4,000  tcr- 
minaic  simultaneously.  To  prevent  long  data  queues  when  fully  loaded  with  the 
4,000  users,  there  must  be  sufficient  capacity  remaining  in  the  communications 
channel  to  provide  for  the  statistical  variation  in  data  flow.  This  extra  capacity  of 
approximately  20  percent  or  300  kb/second  average  can  be  used  for  a  background 
transmission  of  data  if  this  data  intemipted  when  the  channel  space  is  needed  for 
the  regular  users.  This  additional  channel  space  is  available  for  a  variety  of  uses. 

1.  Downloading  programs  to  microcomputers.  There  aio  applications  where  a  pro- 
gram is  best  run  in  a  microcomputer  and  there  is  no  need  for  network  interac- 
tion. The  ability  to  transmit  these  programs  rapidly  to  the  end  user  provides  an 
economical  method  of  updating  and  distributing  such  programs. 

High  iata-rate  transmission  of  output  from  the  supercomputer.  Many  supercom- 
puter programs  generate  sophisticated  diagrams  and  color  pfrtures  as  their  out- 
put Obtaining  such  output  in  a  reasonable  period  of  time  usually  requires  users 
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to  be  located  near  the  computer  site.  This  wide-band  transmission  capability 
will  make  possible  for  many  remote  users  the  same  interactive  capability  they 
would  have  if  they  were  located  at  the  computer  site. 

3.  Downloading  of  prestored  audio  and  visual  information.  One  of  the  new  and 
important  directions  in  computer-based  education  has  been  the  introduction  of 
prestored  video  and  audio  information  on  the  student  screen.  In  addition  to  the 
problems  of  generating  this  information,  the  ability  to  modify,  add,  and  dis- 
tribute video  and  audio  infcmnation  has  become  a  barrier  to  its  wide  use.  Use  of 
the  high  data-rate  networic,  particukirly  in  lightly  used  hours,  offers  an  opportu- 
nity to  send  corrections  and  additions  of  prestored  audio  and  pictures  to  remote 
sites. 


New  Central  Computer 

The  existing  PLATO  software  consists  of  approximately  one  million  lines  of 
tested  Cyber  software  code  that  currently  manages  the  system  and  executes  the 
lessons.  Because  of  this  large  amount  of  operational  software,  it  is  important  that 
the  new  computer  be  low  in  cost,  powerful  enough  to  support  thousands  of  termi- 
nals, and  able  to  execute  in  exactly  the  same  manner  as  the  present  Cyber  machine. 
Such  a  machine  was  not  available.  Therefore,  we  decided  to  design  and  construct 
such  a  computer  at  the  Computer-based  Education  Rcs^^'^rch  Laboratory.  Using  our 
existing  computer  system,  which  was  programmed  with  the  characteristics  of  the 
latest  ECL  chips,  we  were  ^ble  to  generate  a  wiring  list  for  the  new  computer. 
However,  obtaining  a  wiring  list  consisting  of  tens  of  thousands  of  connections 
solves  only  a  part  of  the  problem.  Because  of  the  large  number  of  connections,  it  is 
necessary  to  use  an  automatic  wiring  machine.  Using  this  procedure,  we  have  pro- 
duced two  prototype  computers.  Thus,  the  seemingly  impossible  task  of  prooucing 
a  new  large  computer  consisting  of  tens  of  thousands  of  connections  has  been 
reduced  to  a  reasonable  task  by  the  use  of  automatic  computer  design  and  wiring. 
Terminals  are  currently  connected  to  this  new  computer  system  at  four  experimen- 
tal downlink  sites  located  in  Tucson,  Arizona;  Des  Moines,  Iowa;  Orono,  Ma.ne, 
and  a  special  supercomputer  test  site  at  the  University  of  Massachusetts.  This  type 
of  special  computer  implementation  works  in  reality,  not  just  in  principle. 

Conclusions 

The  use  of  a  computer  for  instruction  and  adminisu^tion  has  been  successfully 
integrated  into  the  large  inU'oductory  physics  courses  at  the  University  of  Illinois. 
Results  show  that  students  in  the  PLATO  version  of  the  course  do  as  well  on  tests 
and  in  future  physics  courses  as  the  students  in  the  standard  course.  The  use  of  the 
computer  has  reduced  the  staff  load  for  teaching  these  courses  and  the  instructors 
feel  that  the  time  that  they  do  spend  with  the  students  is  more  productive. 

The  new  NovaNET  system  makes  it  possible  for  these  physics  materials  and 
adminisurative  applications  to  be  used  at  many  institutions  across  the  United  states 
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at  a  low  cost  This  o^ability  might  help  solve  some  of  the  articulation  problems  of 
entering  students  from  high  school  and  transfer  students  from  other  institutions. 

The  PLATO  system  and  the  NovaNET  system  are  developments  of  the 
University  of  Illinois. 
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Computer  Conferencing:  A  New 
Delivery  Systenn  for  College 
Coursework 

Richard  C.  Smith 

Department  of  Physics,  The  University  of  West  Florida,  Pensacola,  PL  32514 


The  physics  teaching  community  has  recently  been  challenged  to  reassess  its 
reliaiK.^  on  problem -solving  skills  as  a  way  of  teaching  physics.  Rigdon  puts  the 
matter  succinctly  when  he  says  that  **studcnts  can  solve  problems  without  under- 
standing the  physical  concepts  involved  in  them"  and  suggests  strongly  the  need  to 
allow  students  to  describe  physics  concepts  in  words  of  their  own  choosing.^ 
Recewt  work  in  commonsense  misconceptions  also  addresses  this  problem.^ 

Computer  conferencing  ^  one  medium  for  exchanging  ideas  expressed  in 
words;  in  addidon,  it  delivers  learning  experiences  to  studciits  who  are  widely  dis- 
persed in  locadon  and  time.  An  unexpected  benefit  of  computer  conferencing  is 
that  it  challenges  traditional  assumptions  about  how  physics  instructors  use  sched- 
uled time  with  their  students. 
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What  Is  a  Computer  Conference? 

A  computer  conference  is  a  dynamic  collection  of  comments,  questions,  responses, 
or  other  text-based  materials  on  a  common  subject  of  discussion.^  The  specialized 
conferencing  software  used  to  support  this  activity  offers  text-editing  facilities, 
easy  ways  to  reference  past  material,  transfer  of  material  between  related  confer- 
ences, and  private  messaging  facilities.  The  participant  chaiged  with  leading  the 
discussion  is  responsible  for  keeping  the  discussion  focused  on  the  subject 

A  computer  conference  greatly  resembles  that  low-technology  means  of 
exchangiiig  information,  the  hollow  tree.  Participants  visit  the  hollow  tree  at  times 
of  their  own  choosing  and  leave  messages  that  are  later  relieved  and  read  by  all 
other  participants  in  the  conference.  While  there,  participants  can  pick  up  all  the 
notes  that  have  been  deposited  there  by  previous  visitors  and  make  whatever 
responses  seem  appropriate.  Today,  the  hollow  tree  has  become  a  host  computer 
accessed  either  by  wired  terminals  or  by  modem-based  dial-up  faciUties. 

The  key  element  is  the  fact  that  participants  can  engage  in  conversation  at  times 
and  places  of  their  own  choosing.  In  terms  of  college  course  work,  it  is  no  longer 
necessary  for  the  class  to  meet  in  room  230  at  noon  Mondays,  Wednesdays,  and 
Fridays.  Rather,  the  dialogue  occurs  continually  in  a  text-based  delivery  mode.  To 
offer  a  course  in  this  mode  is  roughly  equivalent  to  listing  a  conventional  course  as 
consisting  of  multiple  sections  with  one  student  per  section,  at  times  and  places  to 
be  announced. 


Requirements  for  a  Successful  Course 

Not  all  physics  courses  arc  suitable  candidates  for  delivery  in  this  text-based  sys- 
tem. A  course  must  meet  three  requirements  if  it  is  to  be  considered  for  a  success- 
ful conference  mode  application: 

1.  The  information  content  of  the  course  must  already  exist  in  some  accessible 
form.  This  can  take  the  form  of  a  textbook,  a  collection  of  newspaper  articles 
distributed  to  students,  or  even  text  Hies  retrieved  from  a  computer-based  Tile 
server.  The  computer  conference  itself  should  be  reserved  for  the  exchange  of 
reaction  to  the  material  or  discussion  of  its  main  points  instead  of  primary  dis- 
persal of  inf(miation. 

2.  The  material  of  the  course  must  allow  for,  and  indeed  invite,  discussion. 
Courses  in  which  rote  memory  and  fact  accumulation  play  a  large  role  arc  not 
well  suited  for  this  medium.  This  requirement  does  not  exclude  so  many 
physics  courses  as  it  might  seem  at  first,  but  rather  indicates  that  physics 
insmictors  must  bring  different  skills  to  bear  on  a  course  than  has  been  custom- 
ary in  the  past 

3.  The  course  must  not  depend  on  extensive  symbol  manipulation.  Elccuonics 
courses,  for  example,  would  be  very  ^Tficuli  to  teach  without  the  use  of  elcciri- 
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cal  device  symbols.  Geometrical  optics  would  be  impossible  to  teach  without 
ray  diagiams,  although  there  is  cenainly  much  room  for  qualitative  discussion 
of  the  results  of  geometrical  q;>tics« 


PHY  3936:  Special  Relativity 

A  course  that  meets  these  three  requirements  is  the  University  of  West  Florida 
Ci^irse  PHY  3936:  Special  Relativity,  a  one  semester-hour  seminar  taught  recently 
in  the  computer-conference  mode.  The  textbook  for  the  course  was  Spacetim 
Physics  by  Tiylor  and  Whaler/  TTiis  text  was  specified  because  of  the  large  num- 
ber of  word  problems  and  Jie  autlior/  disposition  to  resort  to  calculation  only  after 
thorough  discussion  had  paved  the  ^*ay.  The  computer  conference  was  hosted  by 
The  Source*  a  well-known  public-cc  puter  facility,  and  it  used  the  specialized  13 
during  which  time  eight  students  and  I  coi^tributed  449  messages,  an  average  of  SO 
messages  per  participant  for  the  entire  course,  or  three  contributions  per  participant 
perwect 

All  students  were  on  campus  regularly  vni  could  have  auended  a  conventional 
lecture  course.  The  class  met  formally  during  the  first  week,  when  I  explained  the 
rules  and  procedures  of  the  course.  All  agreed  that  course  communication  should 
take  i^ace  exclusively  on  Participate,  and  that  there  should  be  no  hall  talk  on  dis- 
cussion items.  One  of  the  departmental  Apple  lis  was  equipped  with  modem  and 
terminal  software,  and  students  were  invited  to  use  these  at  their  own  convenience. 
Several  students  elected  to  use  their  own  home  computers,  and  two  purchased  a 
modem  specifically  for  use  with  this  course. 

The  course  was  stnictured  on  Participate  as  a  trec^ shaped  conference,  shown  in 
Figure  1.  The  13  weeks  of  the  course  are  shown  horizontally,  with  the  branching 
conferences  shown  between  the  first  and  last  week  of  their  existence.  Each  confer- 
ence is  named  at  the  righunost  end  of  its  existence.  The  height  of  each  week's  rep- 
resentation in  each  conference  is  proportional  to  the  number  of  contributions  made 
during  that  week,  and  is  shown  by  the  scale  in  the  figure.  For  example,  six  separate' 
conferences  were  active  during  Week  3,  with  the  ''Proper  Time"*  conference  elicit 
ing  the  most  (28)  contributions. 

The  root  conference,  entitled  "PHY3936,*'  ran  from  start  to  finish  of  the  course 
and  served  as  take-off  point  for  all  the  topical  sub-conferences.  No  discussion 
occurred  in  ''PHY3936*'  itself.  A  second  special  purpose  conference  was 
"Procedures,**  which  discussed  ways  to  use  Participate  effectively.  This  conference 
was  used  for  general  notices  unconnected  wi Ji  specbl  relativity  topics.  Examples 
included:  hovf  lu  minimize  connect  time;  advance  notices  of  service  interruption; 
comparison  of  Participate  with  other  conference  systems.  ''Procedures"  was  m^ed 
almost  every  week.  A  third  special  purpose  conferrncc,  "Evaluation,*"  was  used  u> 
gather  comments  at  the  end  of  the  course. 

Aside  from  these  procedural  conferences,  12  topical  conferences  ('.eveloped 
throughout  the  term:  "Events,**  "Intervals,**  "Proper  Time,**  "Spaceuntc,**  "Loreniz 
Transformation,**  "Galilean  Transformation,**  "Velocity  Parameter,**  "Time 
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Figure  1.    Time  development  and  relationship  of  15  separate  conferences 
used  in  the  special  relativity  course. 


Dilation^  "Lorcntz  Contraction "Synchronize  Clocks,"  "4VccU)rr  and  "Waves." 
Their  relationship  to  each  other  and  the  relative  activity  levels  are  depicted  in 
Figure  1. 

Typically  I  would  introduce  new  topic  by  posting  a  textbook  reading  assign- 
ment, q)ecific  key  ideas  to  took  for,  pertiaps  a  small  amount  of  discussion  directed 
toward  one  of  the  illustrations  in  the  text,  and  finally  a  question  designed  to  f licit 
student  re^nse  and  interpretation.  Often  i  would  assign  one  or  more  of  the  stu- 
dents to  make  the  primary  response,  the  equivalent  of  calling  on  that  person  in 
class. 

From  time  to  time,  when  I  could  anticipate  the  need  for  a  particular  graphic 
explanation,  I  would  produce  the  graphic  and  mail  it  to  the  students,  so  that  we 
could  all  make  reference  to  the  illustration  as  part  of  our  discussion.  The  details  of 
this  partkular  eourse  have  been  described  in  detail  elsewhere.^ 


Advantages 

There  are  several  pedological  advantages  to  offering  college  cr^^trse  work  in  this 
text  discussion  mode.  A  primary  advantage  is  the  fact  that  this  mode  puts  responsi- 
bility for  course  success  on  the  shoulders  of  the  learners,  where  it  belongs,  and 
engages  each  student  as  a  potential  tutor  for  others  in  the  discussion.  If  the  instruc- 
tor can  learn  to  use  students  in  a  collegial  fashion  in  working  through  a  common 
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body  of  material,  then  the  experience  and  knowledge  already  in  the  student's 
minds  can  be  put  to  use  for  the  beneOt  of  the  entire  group. 

A  second  advantage  is  that  personal  interaction  among  all  participants  in  the 
conference  is  enhanced.  This  fuiding  often  comes  as  a  surprise  to  those  who  view 
computer-mediated  communication  as  being  cold  and  impersonal,  but  conferencing 
permits  the  instructor  to  notice  who  is  not  participating  and  to  encourage  reluctant 
students  to  become  an  active  part  of  the  group,  resulting  in  better  interpersonal 
relationships. 

A  final  advantage,  one  that  1  have  not  yet  succeeded  in  accomplishing,  is  the 
possibility  of  involv>!ng  the  textbook  author  or  a  well*known  expert  as  pan  of  the 
course  itself.  This  possibility  is  open  because  there  are  no  time  consuaints.  One 
intriguing  possibility  is  to  inask  the  expert's  identity  until  close  to  the  end  of  the 
course,  so  that  students  would  come  to  perceive  this  person  as  a  true  colleague  in 
the  learning  of  new  material. 

Disadvantages 

There  are  several  signiHcant  disadvantages  to  offering  a  course  in  the  conference 
mode.  Perhaps  the  biggest  problem  is  the  difllculty  in  keeping  the  open-ended  dis- 
cussion from  wandering  off  on  tangents.  An  insuiictor  who  fmds  the  discussion 
leading  away  from  his/her  own  agenda  must  use  considerable  skill  to  redirect  the 
disciission  tack  to  the  topic. 

The  absence  of  gr«,,  lacs  capabilities  in  text-based  discussion  is  a  major 
disadvantage.  Transmission  of  graphics  is  difllcult  on  a  gencral-purpo^  omputer, 
not  only  because  of  the  high  information  content  contained  in  gn^hic  images,  but 
because  the  mechanism  for  producing  gn:phics  on  a  terminal  is  machine  specific, 
so  that  graphics  designed  for  display  on  a  Macintosh,  for  example,  would  be  mean- 
ingless to  a  student  participating  with  an  MS  DOS  machine.  To  be  sure,  graphics- 
encoding  techniques  exist,  the  principal  one  being  the  North  American 
Presentation  Level  Protocol  Syntex  (naplps),^  but  the  availability  of  software  for 
encoding  and  decoding  such  unages  is  not  widespread  and  often  cannot  be  handled 
on  the  general-purpose  host  computer.'^ 

A  final  disadvantage  is  that  participants  are  cut  off  from  visual  demonstrations 
of  the  physical  effects  that  they  may  be  trying  to  discuss.  One  way  to  respond  to 
this  problem  L  to  mail  out  demonstrations  on  video  cassette  to  each  participant,  a 
technique  that  has  been  used  successfully  in  other  home-delivery  course  projects. 

Dis/advantages 

Several  features  of  a  computer  conference  course  can  be  regarded  either  as  an 
advantage  or  a  disadvantage  depending  on  one*s  point  of  view.  First,  it  is  difllcult 
to  write  equations.  This  can  prove  frustrating  to  those  instructors  who  think  solely 
in  terms  of  equations,  but  this  constraint  may  open  up  the  possibility  of  under- 
standing more  physics  through  the  use  of  nonmathematical  text,  precisely  the  point 
made  by  Rigdon.^ 
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A  aecond  chaiacu^ristic  is  the  open-endedncss  of  the  discussion.  An  instructor 
who  insists  on  discussing  only  the  nuuerial  at  hand  and  not  allowing  the  lopk  to 
grow  in  whatever  direction  it  chooses  will  be  frustrated  at  keeping  studc . '  on  task. 
One  (perhaps  extreme)  example  of  this  occurred  in  the  special  relativity  course, 
when  our  stated  topic  of  finite  signal  velocity  led  to  an  unexpected  discussion  of 
diqieision,  thence  to  chromatic  aberration,  and  finally  to  rainbows  and  glories, 
admittedly  strange  topics  for  a  course  in  special  relativity.  Whether  or  not  such 
excursions  into  new  topics  is  desirable  or  undesirable  in  a  physics  course  is  k:fl  for 
the  reader  to  decvJe. 


Course  Organization 

The  continuing  record  of  contributions  to  a  computer  conference  looks  much  like  a 
typed  tra  .script  of  a  seminar  with  many  participants.  One  person  will  make  a  com- 
ment that  will  be  aitswered  by  a  second  partir  ipsint,  who  will  be  responded  to  by  a 
third,  and  so  on.  One  can  imagine  a  lively  discussion  arc"id  a  common  laUe.  The 
only  diflerence  in  the  two  examples  is  the  time  scale  of  interaction*  Whereas  a  live 
discusskm  can  have  several  remarks  and  responses  within  a  few  minutes,  the  same 
interchange  may  take  a  day  or  two  in  a  computcr*confcrcnce  nuxle.  This  means 
that  it  may  take  several  weeks  of  conference  proceedings  to  cover  the  same  materi- 
al a^  in  an  hour  of  live  discussion.  A  compensating  feature  of  computer  conferenc- 
ing, however,  is  the  fact  that  several  topics  can  be  under  discussion  at  any  one 
time*  For  example,  in  the  special  relativity  course,  we  often  had  as  many  as  six  or 
seven  separate  topk:s  active  at  the  same  time.  If  parallel  discussions  are  scheduled 
in  this  fashion,  then  the  time  expansion  noted  earlier  is  neutralized  so  that  the  .sev- 
eral weeks  of  computer  conference  can  now  be  used  to  work  through  six  separate 
topics  simultaneously,  and  calendar  time  is  u<^  much  more  efficiently. 

The  possibility  of  parallel  topics  cleariy  works  only  when  none  of  them  have  a 
prerequisite  relationship  to  an^  of  the  others.  Thus  if  we  were  scheduling  an  intro- 
ductory physics  course  to  be  offered  in  the  conference  mode,  then  perhaps  wc 
would  begin  discussion  m  mechanics,  optics,  thermodynamics,  and  electricity  and 
magnetism,  all  on  ^y  one,  and  use  the  entire  year  to  develop  each  of  those  topics. 


New  Challenges 

The  successful  conduct  of  a  computer  conference  course  poses  new  challenges  for 
the  physics  instructors,  who  will  find  that  they  must  develop  a  new  set  of  skills. 
The  first  new  skill  is  clearly  that  of  leading  an  open  discussion,  an  experience  in 
which  few  of  us  are  practiced.  An  important  part  of  leading  such  a  discussion  is  to 
learn  how  to  engage  other  students  in  the  conversation  and  how  to  deflect  individu- 
al requests  for  information.  Our  experience  in  the  special  relativity  course  shows 
that  students  would  often  address  individual  questions  to  the  instructor,  whose  job 
it  then  was  to  elicit  disc*issioi:  from  the  rest  of  tlie  participant  group,  thus  drawim; 
all  students  into  the  discussion  The  instructor  must  realize  that  he  cr  -^not  form  a 
one-to-one  tutorial  relationship  with  each  of  the  students  in  the  conference  course. 
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Instructors  must  also  redefine  the  traditional  ''(op-dog/bouom-dog*"  relationship 
that  often  exists  betwtcii  instructor  and  suident  The  instructor's  job  is  to  guide  the 
discussion  and  assist  the  learning  process,  not  U>  dictau^  responses  or  appeal  to 
instructor  :;i!thority«  both  of  which  actions  defeat  the  idea  of  a  cooperative  discus- 
sion. 

Instructors  must  also  learn  to  remain  silent  during  a  discussion  so  as  not  to 
:^*itsl  control  from  the  rest  of  the  group.  I  developed  the  rule  in  our  special  relativi- 
ty course  that  I  would  not  comment  on  a  new  posting  by  a  student  until  at  least  two 
days  had  passed*  thereby  giving  other  students  a  chance  offer  their  own  com- 
ments. 

Implications  for  Conventional  Offerings 

One  of  the  strongest  pedag03ical  results  of  offering  a  computer  conference  course 
is  a  reexamination  of  some  of  the  traditional  ways  we  offer  courses,  ^irst,  we  must 
consider  carefully  the  way  in  which  we  customarily  use  scheduled  time  with  stu- 
dents in  a  classroom.  Tn'.ditionally,  the  msU'uctor  stands  at  the  front  acting  as 
auth(Hity  figure,  and  sUjdents  assume  passive  roles.  If  we  reexamine  that  relation- 
ship, then  many  possible  alternatives  for  use  of  that  time  begin  to  surface,  among 
them  combined  lecture/laboratory  experiences,^  sUidcnt  peer  conferences,  demon- 
strations, and  many  other  possibilities. 

Second,  we  must  rethink  the  way  we  schedule  conventional  courses,  particular- 
ly in  accelerated  sessions  such  as  short  summer  terms.  !f  a  physics  course  is  to  be 
offered  in  half  the  time,  then  perhaps  it  nmkcs  good  sense  to  schedule  parallel  ses- 
sions, so  that,  for  example,  morning  classes  could  be  devoted  to  one  topic  and 
afternoon  classes  a  different  one. 

Third,  we  must  recognize  that  alternative  communication  modes  exist  and  can 
be  mixed  in  any  combination.  Thus,  when  we  realize  that  a  course  can  be  offered 
in  a  coraputer-conference  mode,  we  might  choose  to  supplement  a  conventional 
class  with  a  computer  conference  element,  perhaps  for  the  puqx)se  of  forming  stu- 
dent discussion  groups  or  planning  joint  projects.  At  least  one  other  physics  course 
has  used  a  cot„t4iterized  bulletin-board  system  to  supplement  the  workings  of  a 
conventional  class. 

Conclusions 

One  should  use  computer  conferences  only  when  it  makes  sense  in  the  context  of 
the  student  pop  ilaiion,  the  subject  of  the  course,  and  the  'X)mputer  hardware  avail- 
able. At  the  very  least,  expcrien^'c  in  computer  conferencing  opens  another  channel 
of  communication  between  insuructor  and  students,  the  effective  use  of  which  can 
only  enhance  the  teaching  and  learning  of  physics. 
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In  the  summer  of  1986  the  personal  computer  revolution  arrived  at  ihe  U.S.  Air 
Force  Academy.  When  all  the  new  cadets  were  issued  a  Zenith  248  computer  and  a 
basic  set  of  software,  the  physics  department  was  faced  with  the  challenge  of  how 
to  take  advantage  of  this  sudden  increase  in  computing  power. 

During  the  first  year  of  our  experience  with  "computer  cadets,"  we  did  not  feel 
the  need,  nor  did  we  feel  we  had  the  experience,  to  introduce  the  computer  into 
every  course.  We  did  use  the  PCs  to  deliver  and  grade  homework  problems  and  act 
as  an  electronic  messenger  for  course  material  and  electronic  mail. 

Freshmen  were  enrolled  only  in  our  large  general  physics  courses  covering 
mechanics  and  electromagnetism.  The  PCs  were  an  integral  part  of  the  honors  ver- 
sions of  these  basic  courses.  With  the  help  of  the  computer,  students  could  solve 
harder  problems  because  they  were  not  limited  by  their  math  ability. 

The  honors  problems  usually  introduced  a  nonlinear  term  to  problems  that  were 
done  in  the  basic  courses.  For  example,  in  a  kinematics  problem,  the  honors  ver- 
sion introduced  a  velocity-dependent  drag  term;  in  the  calculation  of  the  output 
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fipom  a  water  tower,  the  head  pressure  varied  as  a  function  of  the  output;  in  deter- 
mining the  ouQxit  of  a  lightbulb,  the  filament's  resistance  changed  as  a  result  of 
Joule  heating.  Since  most  of  the  students  had  not  yet  taken  a  differential  equations 
course,  these  problems  had  to  be  solved  algebraically.  Students  looked  at  small 
time  intervals  and  used  the  answers  from  a  preceding  time  interval  as  the  new  ini- 
tial conditions  for  the  c!*nent  time  interval.  These  simple  numerical  techniques 
aUowed  them  to  solve  some  basic  dilTerential  equations. 

We  were  very  concerned  about  adding  programming  tasks  to  our  student's 
WQikload  but  were  determined  not  to  give  them  '1)lack  box**  canned  software  that 
would  give  them  answers  without  improving  the  students'  understanding  of  the 
sdution  process.  We  settled  on  an  electronic  spreadsheet  program  for  two  reasons: 
(1)  the  column  format  of  the  electronic  spreadsheet  and  its  copy  function  are  ideal- 
ly suited  to  the  repetitive  calculations  required  for  the  numerical  solution  tech- 
niques we  used;  (2)  the  spreadsheets  require  minimal  programming  skills. 

All  our  students  had  the  student  edition  of  Lotus  1-2-3.  We  met  our  basic  goals 
with  this  program,  but  did  encounter  some  problems.  First,  the  cadets  did  not  have 
their  own  gn^hics-capable  prints  and  the  graphics  package  of  the  student  edition 
of  Lotus  1-2-3  is  not  fully  integrated  with  the  spreadsheet.  This  made  cc^ecting 
graphs  time  consuming  and  cumbersome.  Second,  the  problem  statements  were 
deliberately  left  (q)en-ended  so  that  the  suidents  could  fully  exploit  the  flexibility 
of  the  spreadsheet  This  meant  that  each  student's  solution  was  unique,  which 
made  ddmgging  and  grading  suident  spreadsheets  problematic. 

Spreadslieet  formulas  can  be  difflcult  to  uanslate  into  human  terms,  and  stu- 
dents sometimes  made  subtle  errors  that  were  difficult  to  detect  This  could  be 
minimized  by  making  the ,  roblem  statements  highly  structured  (e.g.,  how  to  set  up 
column  formats,  what  cells  to  put  variables  in,  what  values  and  formulae  to  use, 
etc.),  but  such  structuring  would  compromise  the  goal  of  having  the  students  use 
the  spreadsheet  as  a  creative  tool  to  investigate  nature.  We  concluded  that  spread- 
sheets would  be  impractical  in  our  basic  courses,  where  many  more  mistakes 
would  be  encountered  and  much  more  extra  instruction  would  be  required. 

New  features  are  available  in  the  newest  generation  of  spreadsheets,  and  we  are 
currently  reexamining  this  problem.  The  most  important  new  feature  is  its  ability 
to  '"name"  variables  so  Jiey  can  be  put  into  formulas  in  terms  humans  can  readily 
understand.  For  instance,  the  forces  on  a  falling  object  encountering  air  drag  can 
now  be  written  as: 

(mass*gravity)-  (drag*velocily'^2) 
instead  of  something  like: 

(SaS4*Sb$6)-(ScS5*b8'^2) 

We  feel  that  this  new  feature  will  be  a  great  aid  to  the  student  in  preparing 
spreadsheet  solutions  and  an  invaluable  aid  to  the  instructor  in  helping  the  student 
and  grading  the  results.  We  plan  to  present  some  of  the  spreadsheet  problems  we 
used  and  introduce  a  set  of  spreadsheet  problems  to  be  published  soon. 

The  next  logical  step  is  to  use  computers  in  our  majors  program,  but  here  we 
^  will  have  difTerent  goals.  We  need  not  concern  ourselves  with  basic  math  skills; 
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our  physics  majors  have  these.  Instead,  we  are  concerned  with  broadening  our  cur- 
riculum. Our  majors  courses  in  classical  mechanics,  electomagnetism,  and  quan- 
tum mechanics  are  now  confined  to  the  solution  of  symmetric  or  simplified 
problems  that  can  be  solved  analytically.  We  would  like  to  expand  our  classes  to 
match  the  growing  trend  in  research  laboratories  toward  computational  physics. 

In  our  modem  physics  course,  the  first  course  for  our  physics  majors*  we  now 
use  a  spreadsheet  to  examine  the  black-body  behavior  of  a  lightbulb.  Students 
solve  a  set  of  simultaneous  differential  equations  for  the  equilibrium  condition  and 
integrate  Planck's  law  numerically.  The  final  portion  of  this  course  will  concentrate 
specifically  on  computational  physics  to  give  our  students  a  basic  grounding  in 
numerical  solution  techniques  that  they  can  take  to  the  advanced  physics  cour  es. 
We  also  plan  to  familiarize  the  cadets  with  other  software  they  have  access  to, 
including  MathCAD,  Eureka  and  the  Numerical  Methods  Toolbox  used  with 
Borland's  Tiirbo  Pascal.  At  the  conference,  we  will  present  the  lesson  plans  for  our 
projected  six-lesson  introduction  to  computational  physics  as  well  as  the  students' 
performance  and  reactions. 

Spreadsheets  by  G.  B.  Hq)t  for  Lotus  1-2-3,  the  student  edition  are  part  of  the  collection 
Computers  in  Physics  Instruction:  Software,  which  can  be  ordered  by  using  the  form  at  the 
end  of  this  book. 
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In  late  1985  the  physics  department  at  the  University  of  Missouri-Rolla  was 
awarded  an  internal  grant  of  $100,000  to  establish  a  physics  computer  learning 
center  (PCLC).  We  converted  a  classroom  and  purchased  several  interacting  com- 
puters: ten  IBM  PCs,  ten  IBM  XTs,  and  seven  Zenith  ATs  along  with  12  IBM 
token-ring  networic  cards. 

All  the  Al^  and  several  of  the  other  computers  are  connected  to  form  an  IBM 
token-ring  network.  One  AT  is  employed  as  a  master  Hie  server  and  the  other  com- 
puters as  work  stations.  Each  PC  and  XT  has  two  Tandon  floppy  drives;  a 
Princeton  monochrome  monitor,  which  accept  color  input  signals;  and  a  Everex 
graphics  card,  which  supports  the  Hercules  standard.  The  ATs  have  20-megabyte 
hard  drives,  two  floppy  drives,  EGA  graphics  and  monitors,  and  math  coproces- 
sors. Every  computer  has  its  own  local  printer.  The  network  has  access  to  several 
periph^s,  including  an  HP-compatible  color  plotter,  Quadjet  color  printer  XL 
IBM  Ptoprinter.  Genoa  tape-drive  unit,  and  Quadlaser  printer. 

We  purchased  a  large  variety  of  software  for  the  ner^vork.  Some  of  the  share- 
ware programs  were  almost  free,  and  other  progiams,  such  as  Professional  FOR- 
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TRAN,  were  moderately  expensive.  DOS  and  GW  BASIC  were  purchased  for 
each  machine  on  the  network. 

A  shareware  program  called  Automenu  from  Magee  Enterprises  is  used  as  a 
menu-driven  interface  between  the  user  and  the  network.  Automenu  allows  the 
user  to  explore  and  conveniently  utilize  much  of  the  netwoik  software.  It  give  the 
access  to  the  power  of  the  network  without  knowing  iow  the  netwoik  works. 
Ill  addition,  it  allows  the  use  of  hidden  passwords,  by  which  we  can  control  access 
to  copyrighted  network  programs. 

Automenu*$  main  menu  offers  the  following  submenus:  **Word  Processing,** 
"Data  Processing,**  "Programming  Languages,**  "Scientific  Calculators," 
"Grq)hics,**  "Peripherals,**  "Tutorials  ?nd  Help,**  or  "Exit  to  DOS."  Each  submenu 
enables  the  user  to  select  several  programs  or  network  commands.  Use  of  replace- 
able  parameters  in  batch  files  executed  by  Ai.omenu  loads  versions  of  selected 
programs  appropriate  for  the  particular  hardware  configuration  of  the  local  work 
station  (eg.,  type  of  station,  monitor,  location,  etc.),  identified  hy  environmental 
variables  set  at  power-up.  In  many  cases,  it  also  permits  each  user  to  tailor  options 
in  each  program  before  loading.  While  a  chosen  program  is  loading,  messages 
appear  to  inform  the  user  of  any  special  problems  or  key  sequences  that  the  first 
time  user  should  know.  A  user  can  go  to  the  front  of  the  room  and  read  the  detailed 
instruction  manual  for  any  program. 

We  fouiid  that  software  problems  were  much  more  numerous  anJ  'roublesome 
than  hardware  problems.  The  network  manuals  supplied  by  IBM  were  not  particu- 
lariy  user-friendly  and  many  problems  occurred.  For  example,  protective  locks  on 
network  server  files  prevent  an  application  program  from  opening  a  file  on  the  net- 
work. We  solved  such  p:obIems,  but  spent  a  great  deal  of  time  and  effort  in  the 
process.  Our  token-rin^  network  has  been  working  for  almost  two  years  and  virtu- 
ally no  problems  remain. 

Probably  the  most  successful  aspect  of  the  network  is  the  ability  to  share  the 
several  network  peripherals.  Someone  is  usually  plotting  or  using  the  network 
printers.  Students  favor  the  relatively  fast  ATs  with  their  color  displays;  in  retro- 
spect, we  should  have  purchased  more  ATs.  The  most  popular  programs  are  the 
user-friendly  word  processor  Volkswritcr  and  the  powerful  scientific  calculator 
MalhCAD. 

There  are  different  responses  to  the  network.  Some  students  jump  right  in  and 
want  to  explore  every  program,  directory,  and  feature  of  the  network,  and  even  try 
to  decipher  the  protection  scheme.  Other  students  seem  afraid  of  the  system.  They 
still  use  thePCLC,  but  they  bring  their  own  programs  and  run  them  on  the  off-net- 
w(ric  computers. 

We  thought  initially  that  the  computer  network  in  the  PCLC  might  be  used  in 
the  classroom,  for  example,  to  work  problems  or  to  demonstrate  various  principles. 
This  now  seems  unlikely.  Students  mostly  use  the  PCLC  for  data  processing  of  lab 
data  or  word  processing  to  prepare  reports.  The  PCLC  is  also  used  for  homework 
assignments.  One  faculty  member  assigns  extra-credit  homework  problems  using 
MathCAD,  and  several  students  now  work  their  normally  assigned  home\/ork 
problems  on  the  network.  It  seems  likely  that  more  applications  of  this  type  will 
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become  popular  as  the  faculty  develops  more  expertise  with  the  network.  We  may 
also  place  supplemental  commercially  available  physics  tutorials  on  the  network. 

The  ?CLC  is  continually  evolving.  Nev  software  is  added  almost  weekly.  We 
plan  to  add  considerably  more  software  so  (hat  students  and  faculty  can  determine 
which  software  they  like  best.  We  have  also  improved  our  hardware.  Hie  original 
20<*megabyte  hard  drive  on  the  file  server  was  soon  fllled,  so  we  installed  an  80- 
megabyte  hard  drive.  We  are  discussing  connecting  the  local  network  to  the  cam- 
pus mainframe  and  to  a  campuswide  network.  To  encourage  the  faculty  to  utilize 
the  PCLC  as  an  instructional  resource,  to  avoid  software  duplication  costs*  and  to 
make  iniemal  elecU'onic  mail  possible,  we  plan  to  attach  all  of  the  physics  faculty 
to  the  networic. 


Computers  in  Introductory  College 
Physics 

Carlos  1.  Calle 

Department  of  Phys»cs,  Swcci  Briar  College,  Sweet  Briar,  VA  24595 
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Computers  are  probably  used  more  often  to  supplement  instruction  in  physics  than 
in  other  disciplines.^  At  S'veet  Briar  College,  we  have  been  using  both  mainframe 
and  microcomputers  for  physics  instruction  for  over  seven  years. 

The  physics  depa;tment  currently  has  six  Apple  II  microcomputers,  one  IBM- 
compatible  microcomputer,  and  two  Macintoshes,  all  with  printers.  Two  of  the 
Apple  II  computers  are  equipped  with  commercial  analog-to-digilal  boards  and  am 
connected  to  equipment.  The  remaining  Apple  computers,  the  Macintoshes,  and 
the  IBM  are  installed  on  carts  so  that  they  can  be  easily  moved  from  laboratories  to 
classrooms.  In  addition  to  physics-department  computers,  students  may  use  two 
Macintosh  II  computers,  forty  Macintosh  Plus  computers,  and  thirty  IBM-compati- 
blc  computers  throughout  the  campus. 

The  microcomputers  are  used  in  inu^oductory  physics  courses  in  three  ways:  for 
lectuie  demonstrations,  self-paced  tutorials,  and  computations  and  graph  plotting 
in  the  laboratory. 

Lecture  demonstrations  are  frequently  used  for  introductory  physics  lectures. 
'' '  '^plo,  easy-to-set-up  lectuie  demonstrations  are  readily  available  for  introductory 
mechanics,  electricity  and  magnetism,  optics,  and  thermal  physics,  but  not  for 
modem  physics. 

A  microcomputer  is  the  ideal  tool  for  developing  lecture  demonstrations  in 
modem  physics.  We  have  developed  several  computer  simulations  that  make  use 
of  graphics  and  animation  on  the  Apple  anc  the  IBM-compatible  computers.  Our 
program  Rutherford,^  written  for  both  the  Apple  and  IBM  computers,  illustrates 
what  will  happen  in  a  scattering  experiment  according  to  the  prediction  of 
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Thomson^s  "plum  pudding**  model  of  the  atom.  This  is  followed  by  aii  animation 
of  Rutherford*$  interpretation  of  the  scattering  experiment;  it  shows  the  nuclear 
model  of  the  atom*  which  explains  the  large  scattering  angles. 

Self-paced  aitorials  can  also  benefit  from  the  use  of  computers.  We  have  devel- 
oped a  tutorial  on  the  introductory  concepts  of  nuclear  reactions  for  the  Macintosh 
computer.^  The  tutorial  starts  with  an  animation  of  an  alpha  particle  interacting 
with  a  nitn^en  nucleus  in  the  reaction*  14N(a,  p)170*  which  shows  how  charge 
and  nucleon  number  are  conserved  in  nuclear  reactions.  l\vo  more  animations 
illustrate  thf.  reaction  27Al(n*  a)24Na,  and  the  subsequent  beta  decay  into  24Mg: 
24NaiE24Mg^e. 

Qick  buttons  allow  the  user  to  review  the  material  and  view  the  animations 
again.  Four  additional  reactions  are  presenrixl  afterward  with  blank  spaces  replac- 
ing some  of  the  nuclei  in  the  reaction.  Using  the  conservation  laws  learned  in  the 
introductory  section  of  the  tutoiial,  the  stident  can  fill  in  the  blank  spaces  from 
pull-down  menus  with  selections.  By  selecting  a  pull-down  menu  available  at  all 
times*  tht  student  can  restart  or  stop  the  program  at  any  time. 

Finally,  computers  are  useful  for  streamlining  calculations  and  graphing. 
Nonmajors  sometimes  find  that  physics  concepts  are  obscured  by  the  calculations 
in  physics  laboratories.  One  solution  to  this  problem  is  to  accelerate  the  calculation 
process  so  that  results  can  be  obtained  sooner. 

One  area  where  nonscience  students  can  speed  up  the  calculation  process  is 
graph  plotting.  Our  program  Graphmakcr,"*  written  for  the  Apple  computer,  plots 
and  prints  graphs  from  ''^ta  input.  The  program  is  completely  menu  driven  and 
therefore  requires  little  training.  Some  menu  selections  allow  for  data  modification 
so  that  data  points  can  be  added,  eliminated,  or  modified.  A  menu  selection  directs 
the  computer  to  plot  the  graph  on  the  screen.  Another  menu  selection  orders  a  hard 
copy  of  the  graph.  The  data  are  saved  to  disk  in  case  additional  graphs  arc  wanted 
after  the  computer  is  tinned  ofl*. 

The  need  for  repetition  of  calculations  is  a  major  reason  for  student  frustration 
in  physics  laboratories.  Experiments  that  require  many  calculations,  like  Newton's 
second  law  or  accelerated  motion  on  an  air  track,  can  be  frustrating  when  results 
do  not  correspond  to  expected  values  and  calculations  must  be  redone.  Computers 
also  save  time  when  experiments  arc  repeated,  new  data  is  collected,  and  c^cula- 
tions  must  be  done  again. 

We  have  developed  a  scries  of  programs  for  many  common  physics  laboratory 
experiments  that  require  significant  computations.  Each  program  requests  data 
from  the  user  and  calculates  the  results,  which  can  be  viewed  on  the  screen  and 
printed  on  a  line  printer.  The  programs  are  menu  driven  and  allow  for  correction  of 
\istakes  and  reentering  data  Students  are  allowed  to  use  these  programs  only  for 
tiiecking  their  own  calculations  or  when  they  have  to  redo  a  experiment 

The  software  that  we  have  developed  for  lecture  demonstrations,  introductory 
physics  tutorials,  and  introductory  laboratories  is  still  in  a  developmental  stage. 
Student  response  so  far  has  been  positive;  students  seen  to  welcome  the  opportuni- 
ty of  working  with  the  computer.  Additional  programs  are  needed  in  all  areas.  We 
are  cumenlly  developing  additional  tutorials  on  the  Macintosh  in  other  elementary 
''oncep^s  of  physics.  Three  of  these  should  be  available  in  the  near  future. 
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A  Summer  Institute  on  Electronics 
and  Microcomputers  for  High 
School  Science  Teachers 

Robert  B.  Muir 

Department  of  Physics  and  Astronomy,  University  of  North  CaroHna  at  Greensboro, 
Greensboro,  NC  27412-5001 


One  conoponcnl  of  Project  Archimedes  (NSF  grant  TEI84-70438)  was  a  six-week 
Electronics  and  Microcomputer  Summer  Institute.  We  conducted  the  institute 
twice,  in  the  summers  of  1986  and  1987. 

We  wanted  participants  to  develop  conHdcnce  in  the  use  of  simple  hand  and 
shop  tools;  Icam  to  use  modem  integrated  circuits  appropriate  to  a  high  school 
physics  course;  learn  to  use  electronic  measuring  instruments,  e.g.,  multimeters 
and  oscilloscope;  learn  to  consuuct  simple  instruments;  and  learn  to  use  a  micro- 
computer for  programming  and  interfacing. 

To  achieve  these  goals,  participants  used  shop  and  hand  tools  to  construct  a 
piece  of  equipment  from  scratch;  constructed  circuits  implementing  the  basic  func* 
tions  of  logic  iCs;  applied  logic  circuits  to  physics  laboratory  experiments,  e.g., 
event  countiiig,  timing,  etc.;  used  physical  to  electronic  transducers  for  tempera- 
tuie,  light,  sound,  position  measurement;  constructed  circuits  implementing  basic 
operational  amplifier  functions;  learned  about  the  design  and  construction  of  a 
microcomputer;  developed  word-processor,  spreadsheet,  and  database  management 
applications  relevent  to  their  needs;  wrote  programs  relcvent  to  their  needs;  per- 
formed the  fundamentals  of  data  and  graphical  analysis;  inicrfaced  the  various 
transducers  to  a  microcomputer;  and  learned  about  peripheral  devices,  such  as 
printers,  disk  drives,  and  monitors,  in  terms  of  interfacing  and  communications 
standards. 

The  institute  met  for  five  hours  a  day  and  five  days  a  week  for  six  weeks  (150 
^  .  contact  hours).  Such  extensive  involvement  with  hands*on  activities  was  very 
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effective  for  teaching  ihc  kind  of  maierial  dealt  with  in  the  institute.  Our  format 
alk)wed  participants  lo  k  <we  circuits,  experiments^  and  projects  set  up  from  one 
session  to  another— a  fe^^ture  seldom  foimd  in  in-service  programs.  These  advan- 
tages notwithstandini;.  .»nany  participants  found  tlie  schedule  a  little  too  exhausting. 
We  therefore  itcoDnend  that  a  summer  institute  or  woricshop  dealing  with  the 
same  content  as  the  i^viils  institute  of  Project  Archimedes  use  a  schedule  within  the 
following  ranges: 

•  three  hours  a  day.  five  days  a  week.  ..or  five  or  six  weeks  (75  to  90  contact 
hours); 

•  five  hours  a  dav,  five  days  a  week,  for  three  to  five  weeks  (60  to  125  contact 
hours). 

A  January  1988  evaluation  (three  teaching  semesters  after  the  1936  institute 
and  one  semester  after  the  1987  institute)  validated  the  content  and  activities  of  the 
institute,  but  also  indicated  that  more  time  should  have  been  spent  on  almost  every 
topic.  Based  on  the  evaluation,  we  recommend  that  institutes  or  extensive  woric- 
shops  provided  for  teachers  having  backgrounds  similar  to  those  involved  in 
Project  Archimedes  (middle  and  high  schoo'  science)  deal  with  two  main  subjects: 
use  of  computers  and  electronics.  Sessions  dealing  with  the  use  of  computers 
should  concentrate  on  these  areas: 

•  Productivity  software  (word  processor,  data-base  management,  spreadsheet, 
gradebook,  etc.).  Spend  about  30  hours  o''  hands*on  work  resulting  in  some- 
thing ever>*  teacher  can  take  home  and  use. 

Ir^tnjctional  software.  Spend  about  40  hours,  and  include  a  few  good  "canned" 
programs  that  they  can  really  learn  to  use  effectively.  Participants  should  also 
write  programs  themselves.  This  will  require  teaching  m?,^y  of  them  a  lan- 
guage. Start  by  teaching  a  language  that  is  easy  to  learn,  e.g..  BASIC. 

Laboratory  applications.  Spend  about  20  hours  on  simulations  (canned  and  par- 
ticipant written).  Spend  another  20  hours  on  data  acquisition  (canned  and  par- 
ticipant written),  including  analog  to  digital  conversion.  Spend  a  third  20  hours 
on  methods  of  data  analysis  (again,  canned  and  participant  written),  including 
graphic  presentation,  statistical  analysis,  finding  maxima  and  minima,  areas 
under  curves,  etc. 

Sessions  on  elccuonics  should  include: 

Basic  DC  and  AC  circuits,  properties  of  elccuical  signals  and  wave  forms,  use 
of  nr.clcrs  and  the  oscilloscope.  This  is  good  review  and  provides  the  necessary 
vocabulary  and  ability  to  use  instruments  for  the  other  elecuonics  topics.  Spend 
about  ten  hours. 

lYansducers.  such  as  the  potentiometer  for  position  measurement,  thermistor, 
thermocouple.  IC  temperature  sensors  (e.g..  Analog  Devices  AD590).  photodi- 
ode,  phototransistor.  CdS  cell.  Si  solar  cell.  cic.  Spend  about  15  hours  on  hands- 
on  work  and  include  lab  activities  the  participants  can  take  back  to  their 
classroom. 
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•  Digital  ICs.  Spend  about  30  to  40  hours,  and  include  lab  activities  the  partici- 
pants can  take  back  to  their  classrooms.  We  highly  recommend  using  large 
breadboarding  sockets  for  constructing  circuits. 

•  Operational  amplifler  ICs  with  applications  to  conditioning  the  signals  from 
transducers  (amplification,  voltage  to  current  conversion,  offsetting,  adding,  ni- 
tering).  Again  we  suggest  constructing  circuits  on  breadboarding  sockets. 
Spend  about  20  to  30  hours  and  include  lab  activities  the  participants  can  take 
to  their  classrooms. 

•  Constiuction  of  one  or  more  instruments  including  a  printed  circal!  board  (e.g., 
with  Radio  Shack  materials).  Participants  must  drill  necessary  holes  in  the  chas- 
sis, solder,  assemble,  debug,  and  calibrate.  Instruments  constructed  might 
include:  general-purpose  IC-bascd  amplifier,  IC-bascd  signal  generator,  triple 
power  supply  (±  12V  and  +  SV),  and  a  four-digit  timer. 


A  Workshop  for  Secondary  School 
Teachers  on  Using  Computers  for 
Data  Collection  in  Instructionai 
Laboratories 

Charles  D.  Spencer  and  Peter  Seligrrarm 

Department  of  Physics.  Ithaca  College.  Iihaca,  NY  14850 


The  Ithaca  College  biology,  chcmisuy,  and  physics  departments  received  a  grant 
from  the  National  Science  Foundation  (NSF)  to  conduct  summer  workshops  for 
high  school  science  teachers.  The  workshops  have  two  tracks:  one  focusing  on 
using  computers  for  data  analysis  of  additional  laboratories,  and  the  other  on  com- 
puter-based data  acquisition.  The  second  track,  which  is  described  here,  is  primari- 
ly for  physical  science  teachers. 

The  data-acquisition  workshop  has  been  given  three  times,  the  first  sponsored 
by  an  NSF  Developments  ir  Science  Education  grant  and  the  second  and  third 
times  by  Ithaca  College.  A  new  grant  will  support  IS  teachers  for  three  weeks 
beginning  in  the  summer  of  1989.  Because  of  the  requirement  for  follow-up  visits 
to  participants'  home  schools,  teachers  are  recruited  from  New  York  State  and 
northern  Pcnnsylv.  nia. 

The  workshop  gives  teachers  a  basic  knowledge  of  digital  electronics  and  sub- 
sequently the  hardware  and  software  needed  to  make  voltage,  time,  ar^d  counting 
measiuements.  After  developing  these  skills,  participants  work  on  four  to  six  appli- 
cations chosen  from  a  variety  of  previously  developed  experiments  in  physics, 
Q      chemistry,  and  earth  science.  They  return  to  their  home  schools  with  the  hardware, 
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softwait,  and  skill  to  incorporate  these  applications  in  their  courses  and  subse- 
quently to  develop  additional  experiments. 

Several  high  school  teachers  who  are  previous  workshop  participants  assist  in 
the  develcqmient  of  materials  and  new  applications. 

Ftftkipants  spend  approximately  one  week  on  digiUtI  electronics,  ending  with 
the  construction  and  testing  of  a  general-purpose  measurement  circuit  that  works 
through  a  computer's  game  port  During  this  time,  participants  also  learn  to  use 
and  alter  data  acquisition  software.  Another  half-week  is  spent  wcrtung  with  sen- 
sors such  as  a  photogatc/timer  and  temperature  probe.  The  remaining  week  and 
one-half  is  qx^^t  putting  together,  testing,  and  running  exnc'.i^'mf'nts. 

The  key  to  the  success  of  the  workshop  is  the  simplicity  of  the  hardware  and 
software.  Inexpensive,  linear,  and  accurate  voliage-io-frcqucncy  converters  allow 
voltage  to  be  determined  by  mcasunng  frequency.  Time  is  dctcrmired  by  measur- 
ing the  number  of  cycles  of  an  accurate  clock  in  an  interval.  Cdunting  is  simply  the 
number  of  cycles  of  a  signal  during  a  known  time  interval.  This  unity  of  what  the 
computer  inputs  through  the  game-port  simplifies  the  elecu-onics  and  makes  the 
data-collection  software  the  same  for  the  three  kinds  of  measurement  The  accurate* 
clock  used  (or  testing  the  system  and  for  time  measurement  consists  of  a  1,000 
MHz  TTL  crystal  oscillator  and  six  or  seven  decade  counters.  A  5-voit  DC  power 
supply  is  required.  Batteries  are  used  when  necessary  for  some  analog  sensors. 


Teaching  Physics  with  the  Aid  of  a 
Local  Area  Network 

Rolf  C.  Enger,  Leo.nard  C.  Broline,  and  Richard  E.  Swanson 
Department  of  Physics.  U.S.  Air  Force  Academy.  Colorado  Springs,  CO  80840-5701 


The  U.S.  Air  Force  Academy  recently  installed  a  6000-node  Local  Area  Network 
(LAN)  thai  connects  all  students,  faculty,  and  adminisfaliv;  offices,^  To  tcsi  the 
hypothesis  that  a  LAN  can  be  a  valuable  educational  too!,  we  used  the  LAN  exten- 
sively in  our  introductory  mechanics  course  during  the  past  academic  year.  In  u*::s 
paper  we  describe  our  experiences,  summarize  the  lessons  we've  learned,  and  c'is- 
cuss  the  LAN's  impact  on  physics  teaching. 

We  have  tried  to  make  maximum  use  of  our  LAN.  We  use  the  LAN  to  dis- 
tribute software  and  course  materials,  including  the  syllabus.  Students  use  the  LAN 
to  submit  papers  and  to  transfer  data  files  created  by  course-supplied  software. 
Instructors  and  students  send  memos  to  one  another  on  electronic  mail  (Email). 
Some  instructors,  especially  those  with  home  computers  and  modems,  use  Email 
for  tutoring.  Students  who  need  help  posted  a  message  pnor  to  a  designated  hour  n 
the  evening,  and  instructors  check  their  Email  at  that  lime.  Email  is  also  used  to 
give  and  grade  quizzes  on-line  and  to  solicit  cnd-of-couisc  critiques.  In  short,  if  a 
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task  could  be  done  with  the  LAN,  wc  try  to  do  it  As  a  result  of  our  experiences, 
we  have  learned  several  lessons. 

Lesson  1.  The  introduction  of  a  LAN  into  an  established  course  requires 
increased  eflbrt  on  the  part  of  both  students  and  faculty.  Tune  that  used  to  be  spent 
on  physics  is  now  diverted  to  learning  how  to  use  the  LAN.  Students  ask  faculty 
members  questions  both  about  the  LAN  and  about  physics. 

Lesson  2.  T^^^  reactk>n  of  students  and  faculty  to  a  ^AN  may  not  be  entirely 
positive.  Time  is  a  precious  comnvDdity.  Some  would  prefer  to  spend  all  available 
time  00  physics  instead  of  on  learning  how  to  use  a  new  computer  system. 

Lesson  3.  Some  information  is  not  effectively  communicated  with  a  LAN. 
Although  we  distributed  the  syllabus  over  the  L\N,  most  students  made  a  paper 
copy  of  the  syllabus  anyway,  thus  shifting  the  cost  of  the  printing  from  tnc  printing 
plant  to  more  expensive  laser  printers. 

Lesson  4.  Every  use  we  made  of  our  LAN  involved  cither  file  transfer  or  Email. 
As  of  this  writing,  a  bulletin-board  feature  is  just  coming  online.  We  believe 
bulletin  boards  will  ultimately  become  as  valuable  as  file  transfer  and  Email. 

We  believe  LANs  have  their  greatest  impact  as  communication  devices.  By 
freeing  the  student  from  the  formality  of  face-to-'^ace  contact,  a  LAN  increases  the 
likelihood  of  communication.  This  helps  compensate  for  the  absence  of  '*body  lan- 
guage*" and  eye  contact  when  using  a  LAN.  In  addition,  the  written  communication 
process  required  by  a  LAN  forces  students  to  specify  and  formalize  their  problems, 
a  process  that  in  itself  aids  learning. 

There  are,  however,  risks  associated  with  LANs.  A  negative  LAN  experience, 
whether  because  of  poor  access  or  LAN  malfunction,  can  rapidly  *Hum  off*  stu- 
dents. Students  and  teachers  approach  LAN  failure  from  different  points  of  view. 
Teachers  generally  discount  the  specific  experience  and  consider  the  student's 
ovei.ill  ability  to  access  the  LAN  (which  is  probably  high).  Students,  however, 
focus  on  the  repercussions  of  a  specific  failure.  Finally,  typical  of  any  educational 
use  of  computers,  there  is  always  the  risk  that  students  w.J  confuse  working  on  the 
computer  with  studymg. 

Although  most  schools  today  do  not  have  local  area  networks,  any  school  with 
access  to  phone  lines,  computers,  modems,  and  bulletin-board  software  can  estab- 
lish its  own  LAI4.  Since  teaching  is  ku;gely  a  communication  process  and  a  LAN  is 
an  alternate  communication  channel,  a  LAN  has  uemendous  potential  to  enhance 
physics  teaching.  However,  a  I  is  a  new  medium  of  communication  for  both 
students  and  instructors,  and  there  arc  bound  to  be  growing  pains.  It  will  take  time 
*o  develop  the  potential  of  the  local  area  network  as  a  teaching  toe' 

1.  E.  G.  Roycr,  W.  E.  Aycii»  and  W.  Richardson.  "Implementing  a  Large  Local  Area 
Network  to  Support  Undergraduate  Education,"  in  Proceedings  of  the  ISMM 
International  Syinposium:  Mini  and  Microcomputers  and  Their 
Applfcalions — MIMI87,  Lugano,  Swit7.erland»  29  June-1  July  1987  (International 
Society  for  Mini  and  Microcomputers,  1987).  pp.  10-14. 
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Online  Computer  Testinq  with 
Networked  Apple  li 
Microcomputers 

P«uiFatdker 

Dcptftment  of  Physics,  St  Louis  Gxmnunity  College  tt  Rorisssnt  Valley,  St  Louis, 
M06313S 


At  St  Louis  Gwununi^  College  at  Florissant  Valley  we  have  developed  an  online 
computer  testing  system.  The  system  was  written  primarily  in  BASIC  for  a  system 
of  netwofked  API1£  n  microcomputers.  Although  the  system  was  developed  for  a 
CORVUS  networic  it  couM  be  easily  tnuu^rtcd  to  different  networks. 

This  system  alk>ws  a  user  to  prepare,  update,  and  modify  a  test  item  bank;  pre- 
pare online  tests  and  modify  them;  administer  online  tests;  keep  student  records; 
and  pi^^Mie  grade  summaries* 

The  general  setup  program  allows  the  user  to  specify  the  topics  and  subtopics 
for  the  test-item  bank  If  a  new  item  bank  is  being  prepared,  the  us^^*  must  specify 
the  slot,  drive,  and  volume  where  these  questions  arc  to  *  stored.  Three  types  of 
questions  may  be  entered:  true-false,  multiple  choice,  and  questions  that  require  a 
single  numerical  solution.  For  the  last  two  types  of  questions,  the  user  may  specify 
±e  numerical  parts  of  the  questions  to  be  randomly  generated  by  the  computer. 

If  the  usCi*  chooses  to  ask  for  random  numbers  in  a  question,  he  must  specify  a 
range  of  acceptable  values  and  enter  an  algebraic  formula  for  the  conect  answer.  If 
the  question  is  multiple  choice,  he  must  enter  formulae  for  the  distractors.  If  it 
requires  a  angle  numerical  result,  he  must  enter  a  percent  of  allowable  tolerance. 
Each  question  in  the  bank  is  coded  by  a  four-character  access  code  plus  a  problem 
number. 

At  the  beginning  of  each  rcmester  the  user  sets  up  a  directory  of  courses  and 
sections  and  enters  the  class  rosters.  To  prepare  an  online  test,  the  user  selects  the 
course  ard  sections  to  be  tested  and  the  items  for  each  questions.  Each  question  on 
tht  test  is  selected  from  up  to  IS  items  from  the  test  bank.  The  user  also  selects  the 
amount  of  credit  for  a  student's  second  guess,  the  amount  of  credit  to  be  given  if 
tb^-  test  is  taken  late,  and  the  full-credit  time  period. 

To  aca  5  the  ti^u  the  student  enters  his  name,  roster  number,  social  security 
number,  course,  and  section.  The  test  questions  are  then  randomly  selected  from 
the  items  selected  by  the  instructor  for  each  question  and  the  order  of  answers  is 
randomly  arranged.  Immediately  after  selecting  an  answer,  tli?  student  is  informed 
about  the  correctness  of  his  response.  After  the  student  completes  th^.  test,  he  is 
given  a  score,  which  is  stored  in  his  file.  The  computer  then  updates  each  question 
that  was  on  the  test,  recording  the  number  of  times  it  was  asked  and  the  number  of 
times  it  was  answered  correctly  on  the  fust  attempt.  This  information  allows  a  dif- 
ficulty level  to  be  determined. 

Other  student  grades  are  entered  manually.  The  software  allows  the  instructor  to 
>rint  a  typical  gradebook  page,  print  grade  records  for  any  or  all  individual  stu- 
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dents«  or  prim  a  class  rank  report  The  instructor  may  drop  low  scores  and  weight 
scocecategDries* 

Some  of  the  unique  features  of  this  system  are  randomization  of  numbers  with- 
in questions,  assignment  of  partial  credit  for  items  answered  correctly  on  the  sec- 
ond aoiempt,  and  determination  of  a  cumulative  difficulty  level  that  is  updated  each 
Ume  a  quesUoQ  is  adced. 

liJs  system  was  developed  as  a  purely  evaluative  technique  and  has  been  sue- 
cessfidly  tested  at  Florissant  Valley  for  the  past  three  years. 


Using  a  Computer  Buiietin  Board 

Dean  Zollman. 

Department  of  Physics,  Kansas  State  University,  Manhattan,  KS  66506 


I  have  developed  a  computer  bulletin  board  to  enhance  communication  among  stu- 
dents and  between  students  and  the  instructor  in  a  physics  course.  The  bulletin 
board,  patterned  after  some  of  the  commercially  available  bulletin  boards,  enables 
students  to  perform  these  tasks:  view  a  wcck*s  class  schedule  and  assignments; 
view  the  syllabus  for  the  semester,  view  the  learning  objcct'vcs  for  recent  classes; 
communicate  electronically  with  other  students  in  the  class;  read  messages  from 
other  students  in  the  class;  look  at  a  list  of  interesting  readings,  which  are  con- 
Uibuted  by  students;  participate  in  an  ''open  line**  discussion;  view  the  insuiictor*s 
oflice  hours  and  class;  view  their  grades  for  the  course;  and  view  solutions  to 
selected  homeworic  problems. 

The  bulletin  board  is  used  in  Contemporary  Physics,  a  modem  physics  course 
for  non-science  majors.  Because  it  is  maintained  on  the  university*s  mainframe 
computer,  students  have  access  to  it  from  any  terminal  on  campus  or  through  tele- 
phone communication.  The  use  of  the  mainframe  enables  us  to  incorporate  some  of 
the  utilities  available  on  this  system  without  extensive  programming.  For  example, 
all  electronic  mail  is  prepared  and  transmitted  by  using  BITMAIL.  For  entering 
and  reading  various  text  flies  the  students  use  XEDIT  (an  IBM  product)  with  some 
macros  prepared  especially  for  the  bulletin  board.  The  program  that  controls  access 
to  these  utilities  and  presents  the  menu  options  is  written  in  EXEC2. 

The  bulletin  board  has  proven  useful  for  communication  between  insUiictor  and 
student,  for  providing  up-to-date  course  information,  and  (to  a  lesser  extent)  for 
communication  among  students.  Participation  in  open  discussions  on  the  system 
and  in  contributing  to  the  list  of  interesting  reading  has  been  disappointing,  per- 
haps because  these  students  meet  in  class  twice  per  week. 

The  bulletin  board  is  now  being  prepared  for  use  by  biology  teachers  wh  are 
located  throughout  Kansas.  This  new  effort  should  bring  about  a  very  different  use 
pattern. 

Q     The  use  of  ihc  bulletin  board  for  in-service  teachers  is  supported  by  the  National  Science 
Foundation  under  grant  number  TEI-8751332. 
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Software  Preparation  Workshop 

Fric  T  Lane 

Physics  Department,  Umversity  of  Tennessee  ai  Chattanooga,  Chattanooga,  TN  37403 


Do  you  have  software  thai  you  would  like  lo  distribute?  Arc  you  considering  writ- 
ing software  for  physics  instruction?  Do  you  dread  suffering  through  the  final 
stages  of  developing  the  human  inurface  for  your  software? 

We  will  critique  and  revise  your  software  on  the  spot  We  will  help  you  develop 
your  software  to  a  level  that  will  pass  technical  review  for  public  presentation  and 
possible  publication.  (Don't  worry,  we  won't  critique  the  peidagogical  content)  Wc 
will  help  you  develop  the  recommended  introductory  screen,  the  presentation  of 
variables  (give  range,  suggested  value),  key  detection,  help  screens  (Fl  on  the 
IBM,  ?  on  the  Apple,  etc.),  error  handling,  and  the  end  statement  v;Esc  Key).  We 
will  also  discuss  publication  possibilities  and  suggest  some  other  creative  ways  to 
use  your  software. 

We  will  have  Apple,  Commodore  64,  IBM,  and  Macintosh  microcomputers 
available.  Bring  your  programs,  Iangi!age  system,  editors,  and  whatever  else  you 
normally  use  to  develop  your  software. 


Practical  Advice  for  the  Creator  of 
Education^^  Software 

Ruth  W.  Chabay  and  Bruce  Arne  Sherwood 

Center  for  Design  of  Educational  Computing,  Carnegie  Mellon  University,  Pittsburgh, 
PA  15213 


Because  the  compute  is  a  two-way  -nedium  it  differs  radically  from  earlier,  pas- 
sive media  such  as  books,  lectures,  and  films.  The  interaction  of  the  computer 
medium  leads  to  esthetic  new  programs. 

Based  on  our  extensive  experience  creating  and  using  educational  software,  we 
present  some  practical  suggestions  for  the  would-bc  creator  of  educational  soft- 
ware. In  many  cases  our  advice  consists  of  assertions  based  only  on  empirical 
experience,  in  the  absence  of  principled  theory.  Some  of  what  we  say  may  seem 
utterly  obvious  and  banal,  yet  we  have  often  seen  these  "obvious"  points  missed  by 
inteUigent  but  inexperienced  authors,  including  people  who  are  very  skilled  with 
computers  but  are  new  to  using  them  for  educational  purposes.  Diligent,  commit- 
ted authors  will  eventually  come  to  many  of  the  same  conclusions  we  have  come 
to.  By  oflering  guidelmes  and  suggestions,  we  hope  to  shorten  the  time  required  to 
discover  what  worics  and  what  doesn't 
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Our  suggestions  deal  with  four  crucial  components:  the  layout  and  interactive 
management  of  displays,  heightening  of  interactivity,  input  analysis,  and  user  con- 
troL^ 


Displays:  A  Visual  Medium 

The  cooqmter  is  inherently  a  visual  medium.  Because  of  its  strong  graphics  capa- 
bilities, and  because  natural  language  interaction  with  a  computer  is  so  difficult, 
communication  relies  heavily  on  pictures  and  diagrams.  In  this  medium  even  text 
must  be  treated  as  grq)hics.  The  c(Hisiderations  in vdved  in  creating  interactive  dis- 
plays are  very  difTenent  from  those  that  guide  the  use  of  text  or  graphics  in  books, 
magazines,  or  films.  However,  the  dynamic  nature  of  the  medium  oflers  new  possi- 
bilities for  presenting  and  making  use  of  text  and  graphics. 


Interactivity:  Intuitive,  Transparent 
Interactions  with  Displays 

Designing  interactive  im)gnuns  is  surprisingly  diflicult;  it  doesn't  come  naturally. 
The  process  is  very  different  from  designing  a  book  or  a  lecture,  where  there  is  lit- 
tle or  no  interaction.  It  is  much  eauer  to  tell  a  student  something  than  to  ask  him, 
especially  because  it  is  difficult  to  understand  the  student's  answer  or  intentions. 
The  uniquely  interactive,  two-way  nature  of  the  computer  medium  has  a  striking 
impact  even  on  seemingly  noninteractive  components  such  as  static  displays.  Not 
only  can  users  interact  with  the  program,  they  must  interact  for  anything  to  happen 
at  all.  How  do  users  know  what  to  do?  Sad  experience  proves  that  even  experi- 
enced users,  including  ourselves,  often  do  not  read  or  attend  to  such  instructions  on 
the  screen.  A  major  challenge  is  to  produce  graphics  and  text  displays  that  make 
intuitively  obvious  what  next  moves  are  possible.  This  contributes  to  a  subtly  dif- 
ferent esthetic  for  what  makes  a  good  display. 


Input  Analysis:  Communication  Problems 

Although  modem  computers  offer  exciting  capabilities,  they  do  not  offer  the 
breadth  of  interaction  of  a  human.  Through  tone  of  voice,  facial  expression,  and 
other  body  language,  a  human  teacher  provides  extremely  important  extra  informa- 
tion, both  cognitive  and  affective,  that  a  computer  cannot  express.  Then  too,  the 
computer  has  only  limited  ability  to  guess  a  student's  intentions.  Overcoming  the 
constrained  communications  between  computer  and  student  constitutes  a  challenge 
to  the  author  of  educational  software.  It  is  crucial  to  make  text  and  instructions 
terse  and  clear,  and  to  avoid  cuteness,  insults,  or  responses  that  the  user  might  mis- 
interpret in  the  absence  of  inflection  and  gesture.  Finding  ways  to  replace  extended 
veibal  interaction  with  direct  manipulation  of  objects  in  the  display  can  help  great- 
ly overcome  communication  difficulties  between  computer  and  student. 
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Control:  Many  Paths 

Because  it  depends  on  user  inputs,  the  behavior  of  an  interactive  program  is  not 
entirely  predictable.  In  extreme  cases,  every  user  of  t*ie  same  program  might  have 
very  different  experiences:  different  paths  through  uie  material,  different  kinds  of 
messages  in  response  to  inputs,  different  types  of  exercises,  etc.  The  program  must 
provide  sensible  context  and  responses  for  any  path  the  user  may  follow;  and  users 
must  not  be  allowed  to  follow  paths  that  the  program  is  not  prepared  tc  deal  with. 
The  program  should  offer  flexibility.  It  should  be  easy  to  skip  forward,  go  back  to 
review,  fmd  out  where  one  is  within  the  program,  modify  parameters,  etc. 

Interactive  Development:  Test  Early  and 
Often 

Just  as  the  fmished  program  should  be  interactive,  so  should  the  process  of  devel- 
oping theprogram.2  It  is  important  to  test  the  program  with  actual  students  early  in 
the  development  process,  and  to  revise  materials  as  you  observe  how  users  interact 
with  the  program. 

1.  R.  W.  Chabay  and  B.  A.  Sherwood,  "A  Practical  Guide  for  the  Creation  of  Educational 
Software,"  in  Proceedings  af:U  Workshop  on  CAI  and  ITS,  edited  by  Ruth  Chabay,  Jill 
Larkin,  and  Carol  Scheftic  (Hillsdale,  NJ:  Erlbaum,  in  press). 

2.  B.  A.  Sherwood  and  J.  H.  Larkin,  "New  Tools  for  Courseware  Production,"  in 
Proceedings  of  the  IBM  ACIS  University  Coriference,  Discipline  Symposia:  Computer 
Science,  Boston,  June  1987  (Boston:  IBM  Academic  Information  Systems),  pp.  13-25. 


The  Evaluation  of  Educational 
Software:  The  EDUCOM/NCRIP- 
TAL  Higher  Education  Software 
Awards  Program 

Robert  B.  Kozma 

NCRIPTAL,  University  of  Michigan,  Ann  Arbor,  MI  48109 


In  1987,  EDUCOM  and  ihc  National  Center  for  Re.scarch  to  Improve 
Postsecondary  Tbaching  and  Learning  (NCRIPTAL;  established  a  higher  education 
software  awards  program  with  these  goals:  to  identify  outstanding  higher  education 
software  and  teaching  innovations  that  use  computers,  to  reward  the  designers  of 
v>utstanding  software  and  innovations,  and  to  improve  the  quality  of  higher  educa- 
tion software  and  its  use. 

NCRIPTAL  brought  together  teams  of  faculty  members  from  academic  associa- 
tions, instructional  psychologists,  and  software  experts  to  review  applications  from 
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the  undergraduate  liberal  arts  and  to  identify  award  winners.  There  arc  two  divi- 
sions in  the  program:  the  product  division  for  original  softw;*/e  developed  for  i  '^h- 
er  education,  and  the  curriculum  division  for  professors  who  use  the  computer  to 
solve  impoitant,  local  instructional  problems. 

During  1987,  the  first  year  of  the  program,  139  applications  were  reviewed;  in 
1988,  nearly  190  are  being  reviewed.  This  paper  discusses  the  criteria  used  to  eval- 
uate the  applications.  Design  criteria  are  used  for  all  applicatir  ^  .  and  a^tditional, 
specialized  criteria  are  used  for  software  products  and  curricula..!  innovations.  In 
my  presentation,  I  will  show  video  excerpts  of  the  1987  award  winners. 

Design  Criteria 

The  reviewers  are  asked  to  think  of  the  software  developer  or  curriculum  innovator 
as  a  "designer,"  one  who  creates  solutions  for  problems.  To  this  end,  applicants  are 
asked  a  scries  of  questions  that  elicit  the  design  rationale  implicit  in  the  software  or 
innovations.  They  are  also  asked  to  present  data  that  demonstrate  its  impact  on 
learning.  The  following  issues  are  addressed: 

•  Problem.  The  applicant  should  have  a  clear  notion  of  the  instructional  problem 
or  learning  difficulty  to  be  solved.  For  example,  a  professor  of  physics  may  find 
that  the  traditional  wet  lab  docs  not  allow  students  sufficient  opportunity  to  vary 
iJiC  parameters  in  the  experiment;  or  an  English  professor  may  find  few  oppor- 
tunities to  work  with  students  on  th^  revision  of  their  compositions. 

•  Content,  Various  tasks  arc  learned  differently,  require  the  use  of  different  pre- 
jTcquisite  skills  or  knowledge,  and  a^-e  facilitated  by  difTercnt  mstructional  expe- 
riences. The  designer  must  have  an  understanding  of  the  content  to  be 
addressed,  the  knowledge  or  skills  to  be  learned,  and  how  these  might  be  struc- 
tured and  organized  by  the  learner. 

•  Students,  Students  exhibit  a  range  of  previous  preparation,  motives,  and  study 
skills  iJ.at  play  an  iniporlant  role  in  learning  and  instruction.  It  would  be  very 
difficult  for  a  single  piece  ( i:oi'iwarc  to  address  ihe  needs  of  all  students  taking 
introductory  physics  or  all  those  enrolled  in  English  composition.  The  designer 
should  have  a  clear  notion  of  the  specific  sot  or  range  of  students  addressed  by 
the  software  or  curriculum  innovation. 

•  Instructional  Method  and  Media.  Compul';rs  c  m  employ  a  range  of  images  and 
sounds;  they  cj^n  also  perform  calculations,  transform  numbers  into  graphs,  and 
even  make  ir  fcrcnccs.  Instruction  may  vary  in  the  amount  of  structure  it  pro- 
vides, in  the  pace  and  sequence  of  presentations  and  queries,  and  in  the  extent 
of  learner  'ontrol.  among  other  thi»^gs.  Tiic  designer  should  have  a  clear  notion 
of  the  the  technological  capabilities  rjiat  are  used  and  how  tlicy  arc  coupied  with 
insuructional  jiLU'egics  i  facilitate  learning  and  increase  motivation. 

•  Coherence  and  Impc:t.  The  factors  described  above  are  all  interrelated  in  the 
design  of  software  and  curriculum  innovations.  The  designer  shoM  have  a 
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clear  sense  of  the  instructional  methods  most  2q)propriate  for  the  instructional 
problems,  the  contents  and  the  students  and  how  al!  of  these  considerations  fit 
together.  Also,  designers  should  have  information,  quantitative  or  qualitative, 
on  the  impact  of  the  software  or  curriculum  innovation  on  learning  and  motiva- 
tion. 

Specialized  Criteria 

In  addition  to  the  criteria  above,  which  are  common  to  all  applications,  there  are 
special  criteria  for  software  products  and  curriculum  innovations: 

•  Software  Products.  The  software  packages  arc  reviewed  for  their  operation 
(quality  of  the  interface,  the  trcauncnt  of  operational  errors,  and  the  speed  of 
execution),  content  (accuracy,  breadth  of  U'cauncnt,  and  importance),  and  for 
instructional  features  (such  as  presentation  mode,  learner  control,  feedback, 
etc.).  These  last  criteria  are  customized  for  type  of  software  (tutorial,  simula- 
tion, tool). 

•  CunicuJum  Innovation.  A  curriculum  innovation  may  involve  the  educational 
use  Qi'  gi^neral  productivity  software  or  the  application  of  educational  software 
dcvelo|.vxI  by  others.  In  these  cases,  curriculum  innovations  arc  assessed  by  the 
adiicd  o^nuibution  made  by  the  applicant  Also,  to  endure,  curriculum  innova- 
tions rnust  have  support  within  the  institution.  Applications  are  assessed  by  the 
amo'.nt  and  kind  of  support  provided  by  key  adminisU'ators.  Finally,  though  a 
curriculum  innovation  must  meet  a  need  that  is  importaiU  in  the  Ixal  context,  it 
is  also  assessed  by  how  it  might  help  other  faculty  members,  ottier  institutions, 
or  those  in  other  disciplines. 


Physics  Academic  Software:  A 
New  AlP  Project  to  Puhlish 
Educational  Software  in  Physics 

Joiin  S.  Risley 

Department  <3f  Physics,  North  Carolina  State  University,  Raleigh,  NC  27695-8202 


The  American  Institute  of  Physics  (AIP),  in  cooperation  with  uo  American 
Physical  Society  (APS)  and  the  American  Association  of  Physics  Teachers  (aapt), 
is  inaugurating  a  project.  Physics  Academic  Software,  to  reviev  ,  select,  and  publish 
high-quality  software  suitable  for  use  in  undergraduate  or  graduate  training  in 
physics.  Submitted  software  will  be  peer-reviewed  for  excellence  in  pedagogical  or 
research  value. 
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Physics  Academic  Software  is  soliciting  authors  of  software  for  teaching,  labo* 
ratory,  or  reseatch  activities  in  physics  to  submit  their  prctprams  and  documentation 
for  leview.  Only  finished  wotks  will  be  considered.  Although  only  MS-DOS  soft- 
ware can  be  considered  at  this  time,  we  intend  to  add  othei  operating  systems  to 
the  scope  of  the  projea  in  the  future.  A  royally  will  be  paid  foi  published  software. 
A  licensing  agreement  with  the  AIP  is  required. 

Accq)tance  of  software  for  publication  depends  on  the  quality  of  the  program, 
completeness  ot  the  documentation,  ease  of  use,  clarity  of  screen  displays,  strength 
of  instructional  design,  logic  of  presentation,  accuracy  of  numerical  algorithms, 
and  effectiveness  for  education  or  research. 

Submissions  are  reviewed  by  the  editor,  his  staff,  external  peer  referees  through 
blind  reviews,  and  the  AIP-APS-AAPT  Advisory  Committee.  Authors  receive  crit- 
ical rqx>rts  commenting  on  the  instructional  design  and  pedagogical  value  of  their 
software.  If  necessary,  they  are  encouraged  to  improve  it  for  publication. 

Educational  software  should  be  strucuired  for  inhcrentiy  intuiuve  operation.  It 
should  guide  the  user  with  prompt  messages,  option  menus,  pop-up  windows,  on- 
screen Usts  of  commands,  and  context  sensitive  help  screens.  The  software  should 
protect  the  user  from  inadvertent  loss  of  dara.  and  recover  from  drive  and  printer 
errors*  The  program  should  use  accurate  numerical  techniques  and  correctiy  model 
the  physics  concepts. 

The  documentation  should  follow  the  styb  of  previous  manuals  from  Physics 
Academic  Software.  The  front  matter  should  contain  die  exact  title  of  die  program, 
the  name  and  institutional  afTiliation  of  die  author,  acknowledgments,  exact  copy- 
right infor  ation.  and  a  list  of  die  minimum  and  recommended  hardware  and  aux- 
iliary software.  A  preface  should  describe  the  software  and  die  contents  of  Uic 
documentation. 

The  nudn  part  of  die  documentation  should  begin  witii  a  short  overview  of  die 
program,  followed  by  an  orientation  tutorial,  a  brief  description  of  ihc  physics 
involved  and  how  tiic  program  models  it.  and  insuuctions  for  operating  die  pro- 
gram. 

The  appendices  should  include  j  "key  order**  description  of  die  commands  (if 
necessary),  a  quick  reference  sheet,  informatiort  for  DOS  users,  an  annotated  list  of 
files,  pedagogical  advice  for  a  teacher,  and  sample  exercises. 

Additional  advice,  styles,  and  conventions  can  be  obtained  from  the  editor.  To 
submit  software,  prepare  a  uansmittal  letter  containing  die  name,  address,  and 
phone  number  of  the  audior  who  will  serve  as  die  contact  person;  a  statement  des- 
ignating, in  compl'^uice  widi  any  rules  of  die  author*s  institution,  i  whom  royal- 
ues  should  be  paid;  and.  if  applicable,  a  list  of  similar  existing  software  packages 
and  an  explanation  of  how  die  submiucd  program  differs  from  them.  Also  prepare 
a  set  of  printouts  showing  an  example  of  every  screen  display,  and  a  listing  of  all 
on-screcfi  paompts.  messages,  labels,  etc. 

Send  die  above  along  widi  four  complete  copies  of  ti»c  software  package  to 
Prof.  John  S.  Risley.  Editor.  Published  software  can  be  ordered  from  Physics 
Academic  Software.  American  Institute  of  Physics.  335  Hast  ^^  Sth  Su^cet.  New 
York,  NY  10117.  Tel.  (800)  hIP-PHYS. 
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LVs,  CDs,  and  New  Possibilities 
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••In  the  beginning...*"  I  remember  going  to  a  videodisc  conference  about  a  decade 
ago  in  Psajaro  Dunes,  California,  or£anized  by  Alfred  Bork  and  others.  I  started  to 
write  my  first  proposal  to  obtain  funds  to  produce  a  videodisc  that  same  year. 
Consider  that  If  you  think  of  a  generation  of  computers  lasting  about  two  and  a 
half  years,  then  a  decade  is  four  computer  generations  ago.  In  human  terms  that's 
equivalent  to  about  288  years  ago!  1700!  In  human  terms  the  videodisc  player 
arrived  on  the  scene  in  1700.  Where  have  we  all  been? 

For  most  of  us,  the  demands  of  our  jobs  and  the  rewards  of  our  profc^>ion  are 
such  that  the  videodisc  and  the  use  of  optical  techniques  for  the  storage  of  data  has, 
I  think,  largely  passed  us  by.  How  many  instructors  have  videodisc  players  in  their 
classrooips  that  they  can  regularly  use  for  teaching  physics?  How  many  use 
videodiscs  interactively  with  small  groups  of  students?  How  many  have  videodisc 
players  in  a  space  where  students  interact  directly  with  the  videodisc's  images  to 
collect  data  or  learn  physics? 

If  you  were  transported  back  in  time  to  1700,  you  could  hardly  have  any  human 
experience  whatsoever  that  you  would  not  recognize  instantly  as  different  from 
your  life  today.  On  the  other  hand,  if  you  were  transported  all  the  way  back  to  a 
1978  physics  course,  in  lecture,  recitation,  and  perhaps  even  in  laboratory  work, 
you  might  be  hard  put  to  cll  whether  it  was  then  or  now. 

This,  then  is  the  first  observation  of  my  talk — optical  storage  technology  has 
been  very  slow  to  be  brought  into  physics  instruction. 

Let  me  offer  a  short  examination  of  the  capabilities  of  videodisc  technology 
itself.  Videodiscs,  which  became  readily  available  commercially  in  1978  and  hit 
the  home  entertainment  market  in  1979,  now  have  the  commercial  trade  name  of 
LascrViaon  (LV).  A  30-cm  LV  disc  can  contain  up  to  54,000  analog  video  pictures 
with  two  audio  tracks.  Each  picture,  or  frame,  on  the  disc  is  numbered  and  the 
player  enables  the  user  to  access  frames  on  the  disc  in  almost  any  sequence  chosen. 
Many  players  offer  slow  motion  forward  and  reverse,  three  limes  normal  speed  for- 
ward and  reverse,  single-frame  step  forward  and  step  back,  and  rapid  random 
access.  At  nonr.al  speed  (30  frames  per  second)  a  LV  disc  will  play  for  30  minutes 
on  each  side.  (The  small  12-cm  LV  disc  is  known  as  CDV  for  compact  disc  video.) 
A  typical  LV  disc  ranges  in  price  from  about  $20  for  popular  entertainment  discs  to 
about  $400  for  professional  photographic  data  discs.  A  player  requires  a  television 
monitor  and  a  stereo  system  for  stereo  sound.  LV  players  cost  from  $200  to  $  1 ,600 
each,  depending  on  age  and  quality.  Most  commercial/education  players  have  a 
standard  computer-interface  port.  By  now,  there  is  a  pretty  good  list  of  titles,  in  the 
tens,  of  videodiscs  that  can  be  used  to  teach  physics  and  astronomy. 
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When  one  talks  about  interactive  video,  one  usually  means  a  system  with  a 
computer  controlling  a  videodisc  player.  The  education  potenual  of  an  interactive 
vid^isc  system  is  almost  beyond  our  wildest  dreams.  It  offers  colu.  overlay 
graphics,  computer-based  lessons,  tutorials  and  simulations  in  conjunction  with 
high-quality,  real-worid  video  to  which  can  be  added  high-fidelity  stereo  sound. 

From  the  point  of  view  of  1700,  one  can  ask  why  has  it  taken  so  long  for  this 
technology  to  work  its  way  into  learning  physics.  But  a  decade  in  social  reform  is 
hardly  any  time  at  all.  Simply  put,  the  social  structure  of  the  physics  community  as 
it  applies  to  teaching  and  learning  physics  is  not  able  to  keep  up  with  changing 
technologies.  Here  we  have  a  technology  that  will  let  us  bring  real- world 
audio/visual  events  into  the  physics  classroom  for  ready  access  to  individuals  or 
small  groups  of  students.  The  responsibilities  for  leammg  can  be  turned  over  to  the 
learner  and  the  physics  professor  can  assume  the  role  of  facilitator,  encouraging 
students  to  use  the  conceptual  tools  of  the  discipline  to  increase  their  understand- 
ings of  nauuie.  What  will  it  take  to  break  loose  the  log  jam  that  seems  to  be  pre- 
venting the  wide  disUibution  of  this  technology  into  physics  classrooms? 

Physics  educators  seem  especially  resistant  to  change.  We  are  not  prepared  in 
our  institutions  to  cope  with  a  new  generation  of  technology  every  two  and  a  half 
years.  We  still  use  volUneters  built  in  the  1940s.  Physicists  and  educational  institu- 
tions iio  noi  easily  part  with  capital  equipment.  Once  it  has  been  useful,  v/e  hate  to 
\tl  it  go.  We  do  not  like  the  risks  involved  in  bringing  in  uew  technology  to  do  the 
same  old  job  that  we  have  been  doing  quite  well  (we  think)  without 

In  t^'^  United  States  our  markets  are  generally  demand  driven.  It  is  difficult  to 
get  money  to  undertake  educational  projects  when  the  maximum  potential  market 
extends  only  to  a  small  pan  of  the  physics  community.  We  need  a  much  larger  base 
of  videodisc  players  installed  in  schools,  colleges,  and  universities  if  we  hope  to 
see  a  large  number  of  superior  videodiscs  produced  for  use  in  physics  classrooms. 

Make  note  of  this:  one  of  the  best  things  you  can  do  for  this  technology  is  to 
insist  that  your  school  or  department  buy  a  videodisc  player.  New  models  capable 
of  being  hooked  directly  to  a  computer  cost  less  than  $1 ,000,  and  if  you  are  willing 
to  buy  last  year's  model,  you  can  fmd  them  for  as  little  as  $175. 

You  and  your  physics-teaching  colleagues  must  get  into  the  era  of  optical  data 
storage.  The  place  to  start  is  with  the  analog  storage  of  54,000  photograpl:s  on  a 
single  side  of  a  videodisc.  As  soon  as  you  get  back  home,  talk  to  whoever  conuols 
the  funds  for  your  institution:  your  chairman,  the  media-center  director,  the  film 
librarian,  or  the  software-contro*  director.  Tm  serious.  The  availability  of  good 
software  in  a  largely  capitalistic  economy  is  fundamentally  driven  by  perceived 
demand.  Until  you  make  a  demand  for  physics  discs  look  real,  we  will  continue  to 
have  di^iculty  getting  new  videodiscs  produced  for  our  use. 

We  reluctantly  admit  computers  are  here  to  slay,  but  we  secretly  think  this 
video  stuff  is  just  a  passing  fancy.  And  as  if  to  prove  the  point,  more  and  n^ore 
video  technologies  seem  to  be  coming  along  every  day,  each  new  one  not  compati- 
ble with  the  old.  Let's  just  wait  and  see  what  will  happen.  And  of  course  what  did 
happen  was  the  compact  disc  revolution.  Also  before  we  could  blink  our  eyes, 
laser-storage  technology  leaped  from  analog  video  signals  to  the  digital  audio  sig- 
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nals  of  the  compact  disc;  the  economics  of  the  music  industry  drove  the  CD  market 
faster  than  we  could  imagine.  In  the  past  few  years  compact  discs  have  become  the 
darling  of  the  home  entertainment  indui^try. 

Compact  disc  audio,  widely  known  as  CD,  became  available  in  about  1983.  A 
compact  disc  will  play  about  70  minutes  of  digital  stereo  audio.  CDs  cost  from 
about  $8  to  $20.  They  require  a  CD  player  that  costs  over  $100  and  earphones  or  a 
stereo  system.  While  they  arc  currently  used  mostly  for  entertainment,  there  is  one 
CD  with  demonstration  sounds  available  for  teaching  physics.  It  was  developed  by 
Tom  Rossing  and  is  being  distributed  by  the  Acoustical  Society  of  America 

Periiaps  because  the  teaching  of  the  physics  of  sound  is  not  a  high  priority  for 
every  physics  department,  there  have  been  few  articles  or  discussions  about  the  use 
of  CDs  in  teaching  physics.  But  that  may  soon  change  as  new  ways  of  storing  data 
digitally  on  compact  discs  become  available.  There  are  now  five  additional  types 
of  compact  disc  storage  systems  in  use.  Let's  briefly  review  the  capabilities  of  each 
one  and  then  let  me  close  with  a  physics  scenario  foi  ihe  CD  ROM. 

Compact  Disc  Read  Only  Memory  (CD  ROM)  is  a  publishing  medium.  A  CD 
ROM  disc  is  a  permanent  record  of  digital  data.  It  can  be  used  to  store  up  to  600 
megabytes  of  digital  data,  about  equivalent  to  250,000  pages  of  text  or  about  700 
floppy  disks.  This  is  equal  to  about  2,000  high-resolution  images.  It  can  hold  com- 
binations of  text,  grj^hics,  and  sounds  in  digital  format.  The  use  of  a  CD  ROM 
requires  a  computer  and  a  CD  ROM  disc  drive.  At  uie  present  time  the  disc  drives 
to  woric  with  MS  DOS  system  vary  in  price  from  $600  to  about  $1,500  each  and 
are  available  from  most  of  die  main  disc  companies  such  as  Sony  and  Hitachi. 
There  is  a  CD  ROM  drive  available  for  the  Maciniosii  family  from  Apple  for  about 
$1,200.  Unfortunately,  there  is  a  difi^crence  in  the  format  of  the  discs  that  can  be 
read  by  the  MS  DOS  drives  and  the  Mac  drives.  It  is  to  be  hoped  that  the  High 
Sierra  format  of  the  MS  DOS  systems  will  eventually  be  readable  on  the  Mac  sys- 
tem drives.  At  this  time  there  are  about  200  disc  titles  available  for  the  MS-DOS 
system.  The  one  most  likely  to  be  useful  to  physicists  is  the  Microsoft  Bookshelf 
collection  of  dictionary,  thesaurus,  and  style  manual.  The  Science  Helper  available 
from  PC-Sig,  Inc.,  for  about  $200  contains  kindergarten  through  eighth  grade  sci- 
ence lessons  developed  under  grants  from  the  NSF.  The  Science  and  Technology 
Encyclopaedia  from  McGraw  Hill  is  available  for  about  S300  and  the  Electronic 
Encyclopaedia  from  Grolier  is  about  S300.  I  see  Jiis  as  the  most  immediately 
promising  of  the  new  CD  technologies  and  I  want  to  return  to  discuss  it  later,  but 
now  let  me  go  on  to  talk  briefly  about  other  CDs. 

Write  Once-Read  Many  Times  (WORM)  which  became  available  in  1988, 
serves  as  an  archival  computer  digital  optical  storage  system.  A  WORM  will  hold 
about  400  megabytes  per  side.  A  double-sided  disk  cosls  about  S200  and  the  drives 
run  about  $4,000.  They  are  available  for  both  MS  DOS  and  Macintosh  systems. 
They  are  excellent  storage  systems  for  such  things  as  student  records  and  research 
data  that  you  never  want  to  lose  or  erase. 

Magneto-Optical  Erasable  Compact  Discs  have  been  announced  by  Sony. 
Philips,  and  Tandy.  They  will  hold  about  300  megabytes  per  side  and  the  drives 
will  cost  from  $2,000  to  $10,000.  At  this  time  no  such  drives  are  commercially 
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available.  They  have  been  promised  by  the  end  of  1988.  This  technology  and  the 
WORMS  may  be  destined  to  take  on  the  job  of  storing  vast  amounts  of  data  for 
computer  users.  I  Tind  it  difHcult  to  imagine  their  having  a  direct  impact  on  the 
physics  classroom. 

The  digital  storage  of  video  images  has  long  been  discussed.  However,  the 
problem  is  fc^idable:  a  good-quality  color  video  image  requires  from  600K  to  1 
Mb  to  be  of  accq)table  resolution.  Normal  television  plays  30  such  images  each 
second  Real-time  video  uses  up  computer  memory  at  the  rate  of  nearly  30  Mb  per 
second!  However,  new  products  using  various  forms  of  data  compression  have 
been  denmnstrated.  The  first  to  come  on  the  scene  was  compact  disc  interactive. 

Compact  Disc-Interactive  (CD-I)  has  been  promoted  by  Sony  and  Philips  as  the 
wave  of  the  future.  Of  course  neither  one  of  these  corporations  has  always  been 
abh  to  predict  correctly  what  the  market  would  support.  For  example,  the  Sony 
Beta  format  for  videotape  lost  out  to  the  inferior  VHS  format  The  new  CD-I  sys- 
tem uses  a  Philips  proprietary  hardware  and  operating  system  and  will  be  available 
in  fall  1988  for  about  $1^00.  This  system  will  play  specially  encoded  compact 
discs  and  will  offer  72  minutes  of  partial-screen  motion  video.  A  disc  will  be  able 
to  hold  up  to  5,000  natural  pictures  with  a  384  x  280  resolution,  coupled  with 
sound-ovcr-stills  capability.  Philips  and  Sony  are  talking  about  a  big  home  enter- 
t^  «iment  market  with  education  and  self-improvement  as  secondary. 

Digital  Video  Interactive  (DVI)  was  unveiled  two  years  ago  by  RCA  at  the 
compact  disc  conference  hosted  by  Microsoft,  just  at  the  time  they  were  planning 
to  sweep  everyone  off  their  feet  witn  the  power  of  CD-I.  But  of  course  the  exciting 
possibilities  of  DVI  wowed  people  at  the  CD  ROM  conference.  This  process  uses  a 
VAX  minicomputer  to  compress  irages  for  storage  on  a  compact  disc:  then  a  spe- 
cially designed  set  of  chips  that  can  be  put  into  the  slots  of  ^  \>crsonal  computer 
decompresses  the  images  in  real  time.  This  would  offer  72  minutes  of  full-screen 
motion  video  at  30  frames  a  second  with  a  resolution  of  256x240,  or  up  to  40,000 
low  resolution  stills  (256x240)  with  sound-over-slill  capability.  RCA  is  talking  pri- 
marily about  industrial/educational  products  first  with  growth  into  the  consumer 
market  down  the  road  a  piece.  The  special  add-in  boards  will  cost  about  S4,000 
and  nt  into  a  standard  MS  DOS  computer,  to  which  you  will  need  to  attach  a  stan- 
dard CD  ROM  drive. 

So  interactive  digital  video  data  for  classroom  use  is  just  around  the  comer.  As 
a  group  of  educators  who  primarily  use  chalk  and  a  blackboard,  we're  not  ready. 

Now  let  me  reuim  to  discuss  the  CD  ROM  for  a  few  minutes.  I  believe  uhai  this 
technology  is  so  compelling  that  it  will  change  our  educational  system,  pjrhksps 
sooner  than  we  arc  ready.  A  single  CD  ROM  is  practically  a  library  by  itself.  Think 
with  me  about  a  possible  physics  CD  ROM.  Let's  play  out  a  physics  scenario  Let's 
take  a  conservative  estimate  of  150,000  pages  of  text  and  about  1,500  line  draw- 
ings (graphs  or  apparatus).  That's  about  150  books  of  text  and  data.  The  CD  ROM 
disc  will  be  accompanied  by  a  search-and-reuieval  diskette  of  software  to  conuol 
computer  access  to  all  of  the  data  on  the  disc.  It  would  have  rind-and-sort  software 
3S  well  as  cut-and-paste  and  insert  functions.  It  should  be  able  to  access  the  data  of 
Jie  CD  ROM  data  from  your  favorite  applications  software  cither  the  word  proces- 
O   sor  01  data  base  or  spreadsheet  program  that  you  usuall>  use.  You  will  be  able  to 
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paste  daia,  graphs,  or  •naihcmaiical  functions  from  ihc  Cl>  ROM  icxi  to  ihc  docu- 
ment on  which  you  arc  currcntly  working. 

What  will  we  have  on  such  a  physics  CD  ROM  Disc?  Reference  data— about 
20  books  worth  of  physical  constants,  mathematical  functions,  the  periodic  table 
and  data  on  the  elements.  Biographical  data— about  16  books  worth  of  the  lives  of 
famous  physicists,  aapt  membership,  AIP  memberships,  NSTA,  the  AIP  directory 
of  physics  departments,  and  the  names,  telephone  numbers,  and  addresses  of  the 
participants  at  this  conference.  Publishers  and  equipment  supply 
companies — about  ten  books  worth  of  addresses,  catalogs  and  prices. 
Textbooks— about  70  books  worth  of  physics  books  that  can  range  from  begin- 
ning-level concq)tual  books  up  through  the  standard  graduate-level  textbooks  or 
monographs.  Valuable  research  articles— about  34  books  worth  of  Nobel  prize 
winners*  articles,  review  articles,  history  of  physics  articles,  etc. 

Think  of  this:  when  you  sit  down  at  your  computer,  you  will  have  this  whole 
data  set  at  your  finger  tips.  You  can  bring  on  your  computer  screen  in  a  few  sec- 
onds any  of  the  information  stored  on  ihis  CD  with  only  a  few  key  suokes.  If  you 
are  an  expert  writing  an  advanced  physics  research  article,  you  can  use  the  refer- 
ence data  section.  If  you  are  a  novice  trying  to  learn  physics,  you  can  be  guided 
through  the  levels  of  materials  on  the  disc  by  tutorial  software.  If  you  wanted  to 
scan  a  whole  range  of  physics-rebtcd  materials,  as  you  might  ik^  a  library,  you  can 
sample  a  broad  range  of  physics  materials  without  ever  having  to  leave  your  com- 
puter keyboard. 

This  technology  is  herc  today,  waiting  for  us  to  master  the  first  physics  compact 
disc.  Here,  on  the  eve  of  the  550Lh  anniversary  of  the  Guu  prinung  press,  we 
stand  on  the  brink  of  a  new  era  in  publishing  and  in  education. 

What  is  possible?  We  arc  limited  only  by  our  vision  of  "liai  ought  to  be  possi- 
ble. 


Beyond  TV— Interactive  and 
Digital  Video  in  Physics  Teaching 

Dean  Zollman 

Department  of  Physics,  Kansas  State  University,  Manhattan,  KS  66506 


Encouraging  physics  students  to  interact  with  visual  images  is  not  new.  Long 
before  videotape  or  videodiscs  were  available,  students  looked  at  the  filmed  image 
of  Don  Ivy  and  said,  "He's  upside  down,  isn't  he?''  Later,  developers  of  the  Project 
Physics  Curriculum  built  interaction  into  a  number  of  Supcr-8  film  caruidgcs. 
Students  used  these  cartridges  by  stopping  me  film  and  collecting  data  from  indi- 
vidual images.  While  these  types  of  interactions  were  limited  by  the  available  tech- 
nology, tlicy  were  early  auempts  to  provide  students  with  the  ability  to  interact 
with  visual  images  and  to  learn  physics  from  such  interactions. 
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In  the  mid  1970s  technological  advances  provided  a  new  means  for  high  levels 
of  tntcracucns  between  students  and  video  images.  The  optical  videodisc  (com- 
monly called  the  LaserDisc)  offers  random  access  to  any  one  of  54,000  individual 
pictures  (frames).  With  no  more  effort  than  that  required  to  enter  numbers  with  a 
keypad,  students  can  get  access  to  any  one  of  these  pictures.  The  access  time 
ranges  to  a  maximum  of  approxinoately  two  seconds  on  modem  videodisc  players 
and  IS  seconds  on  very  early  videodisc  players.  Once  students  have  reached  the 
picture  they  have  requested,  they  have  the  options  of  watching  or  analyzing  that 
picture  for  any  length  of  time,  playing  forward  or  backward  at  lormal  speed,  play- 
ing a  video  sequence  in  slow  motion,  or  pl&ying  at  several  speeds  which  exceed  the 
normal  projection  rate.  Thus  with  the  interactive  videodisc  students  can  control  the 
wBy  they  view  instructional  images. 

Even  greater  flexibility  can  be  obtained  by  connecting  the  videodisc  player  to  a 
computer.  By  programming  a  computer  to  conuol  the  display  of  videodisc  images 
and  to  interact  with  students,  a  physics  insuuctor  can  develop  sophisticated  lessons 
which  engage  students  in  materials  which  help  them  understand  physics  and  how  it 
is  applied.  In  principle,  any  type  of  student  interaction  with  a  computer  can  be  aug- 
mented by  video  scenes.  In  addition  to  being  able  to  create  interactive  computer 
materials  with  the  addition  of  video,  the  instructor  can  create  materials  which 
involve  video  as  the  primary  medium  of  instruction.  For  example,  applying  physics 
to  automobile  collisions  is  most  useful  when  students  arc  able  to  analyze  the  colli- 
sions of  real  cars.  The  videodisc  Physics  and  Automobile  Collisions^  provides  that 
option.  Or,  an  astronomy  teacher  may  wish  to  have  students  look  at  a  large  number 
of  images  of  certain  types  of  stars.  The  large  number  of  stiil  frames  on  Space  Disc 
6:  Astronomy?  when  coupled  with  an  appropriate  data  base,  provide  students  with 
the  opportunity  to  search  out  a  particular  type  and  to  compare  various  aspects  of 
the  images.  The  microcomputer  coupled  to  a  videodisc  player  provides  these 
opportunities  in  a  way  that  would  be  difficult  and  cxUcmcIy  tedious  in  any  other 
format. 

In  thi:>  paper  I  present  a  short  history  of  the  hardware  and  sof  ware  available  for 
using  interactive  video  in  physics  teaching,  and  then  describe  a  few  examples  of 
thb  type  of  instruction.  Finally,  I  will  look  at  the  most  recent  attempts  to  use  the 
sophisticated  systems  such  as  IBM  InfoWindow  and  Macintosh  HyperCard,  I  con- 
clude with  a  brief  look  at  the  future,  which  include  s  a  new  ger'^ration  of  digital 
video  on  compact  disc,  a  method  by  which  students  and  instructors  will  have  com* 
pletc  conU'ol  over  the  image  and  changes  in  individual  video  images. 

History 

The  development  of  videodiscs  for  teaching  physics  began  in  the  late  19''0s.  The 
first  commercially  available  videodisc  for  physics  instfuction  was  The  Puzzle  of 
(he  Tacoma  Narrows  Bridge  Collapse?  This  videodisc  operated  on  a  stand-alone 
videodisc  player  which  had  an  interna!  microprocessor.  The  control  program, 
which  can  operate  today  on  the  Pioneer  6000  scries,  enabled  students  to  conuol  the 
videodisc  images,  to  complete  qualitative  experiments  on  the  intcracuon  between  a 
model  bridge  and  the  wind,  and  to  complete  a  quantitative  experiment  on  the 
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Standing  waves  in  the  vibrations  of  a  string.  Tlic  nature  of  the  interaction  was  such 
that  the  video,  which  required  30  minutes  to  view  as  a  linear  procrom,  usually  took 
students  three  or  niore  hours  to  complete  as  an  interactive  lesson. 

Following  this  initial  effort*  several  more  interactive  videodiscs  for  physics 
teaching  have  been  produced.  In  addition,  some  of  the  classic  films  for  physics 
teaching,  such  as  Frames  of  Referenced  and  Powers  of  Ten?  \r\t  been  transferred 
to  videodisc  so  that  individual  teachers  may  prep'W  interactive  lessons  using  them. 
Because  the  space  sciences  and  physical  sciences  scries  produced  by  the  Opucal 
Data  Corporation^  are  also  quite  useful  for  teaching  many  aspects  of  physics,  the 
number  of  videodiscs  available  for  physics  teaching  gicv  rather  rapidly.  When 
The  Mechanical  Universe  series  was  placed  on  videodisc  in  the  spring  of  1989,  the 
total  number  of  the  available  physics  videodiscs  more  than  doubled. 

Almost  all  type:  of  interaction  and  comprusr  interfacing  have  been  demonstrat- 
ed in  completing  physics  lessons.  The  Puzzle  of  the  Tacoma  Narrows  Bridge 
Collapse  is  the  only  one  which  niade  extensive  use  of  the  small  microprocessing 
ciq>abilit*es  of  some  videodisc  players.  However,  others  such  as  Studies  in  Motion^ 
and  Ener^^y  Transformations  Featuring  the  Bicycl^  demonstrated  the  use  of  com- 
puter graphics  overlays  with  video  images.  At  the  other  end  of  the  apccuiim  m 
tjrms  of  hardware  sophistication,  videodiscs  such  as  Physics  and  Automobile 
Collisions  and  Physics  of  Sports^  were  developed  for  use  on  stand-alone  videodisc 
players.  However,  as  described  below,  these  videodiscs  still  involve  a  high  level  of 
interaction  between  the  student  and  the  video  images. 

Hardware 

At  present,  all  interactive  videodiscs  available  in  the  United  States  play  on 
machines  which  use  optical  rencctive  technology.  The  lasr*r  playback  assures  rapid 
access  to  all  of  the  available  frames  and  minimum  deterioration  in  the  qualify  of 
the  image. 

The  level  of  interaction  has  Xccn  defined  in  a  standard  way  as  shown  in  Table  1. 
With  the  exception  of  level  4,  use  with  aruficial  intelligence  programming,  interac- 
tive video  lessons  in  physics  have  been  prepared  for  all  levels. 


Table  I. 

Levels oflnteractive  Video 

Level  0:   Linear  play  only.  Random  access  anc  ^till  frame  not  available. 
Level  J:  Stand-alone  piayer.  Random  access  and  still  frame  available  through 
keypads. 

Level  2:  Stand-alone  player.  Program  control  available  with  the  inlcmal  micro- 
processor of  the  videodisc  player. 

Level  3:  Player  connected  to  an  external  computer.  Program  controlled  by  the 
computer  operating  in  a  standard  language  environment. 

Level  4:  Player  connected  to  an  external  computer  operating  in  an  artificial  intel- 
ligence environment. 
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A  particular  difficulty  arises  when  one  wants  to  mix  interactive  graphics  gener- 
aied  by  a  computer  with  the  videodisc  signal.  Videodisc  players  produce  standard 
television  signals  (in  the  United  Slates  NTSC  video).  Essentially  all  computers 
produce  signals  that  arc  not  entirely  compatible  with  this  standard.  While  many  of 
the  eariy  computers  could  be  played  on  standard  television,  their  signals  were  still 
not  entirely  ompatiblc  and  could  not  be  easily  mixed  with  the  NTSC  video.  Many 
modem  computers  have  resolutions  that  arc  much  higher  than  standard  television 
and  thus  also  run  into  difficulties  when  the  mixture  is  attempted.  However,  circuit- 
ry is  available  to  make  the  two  signals  compatible.  Peripherals  or  boards  may  be 
connected  to  many  computers  to  create  a  situation  in  which  the  two  signals  can  in 
fact  be  placed  on  top  of  each  other.  These  boards,  available  for  a  few  hundred  dol- 
lars for  some  computers  and  several  thousands  for  others,  provide  a  level  3  interac- 
tion, which  includes  the  possibility  of  computer-generated  graphics  placed  over  a 
video  image.  Because  of  the  complexity  and  expense  of  this  type  of  hardware, 
many  eariy  interactions  involved  two-screen  systems.  One  screen  would  be  used 
for  the  computer  output  while  a  diffcrcnl  screen  would  be  used  for  the  videodisc 
images.  This  type  of  arrangement  still  is  used  heavily  in  machines  such  as  the 
Macintosh  SE,  which  has  a  video  signal  that  is  very  difficult  to  combine  with 
NTSCvidoo. 

In  geneni,  physics  teachers  have  not  allcmplcd  to  produce  complete,  self-siand- 
ing  lessons  using  interactive  video.  Instead,  most  lessons  have  been  made  part  of  a 
course  in  physics  and  have  been  used  to  supplement  existing  materials  to  replace 
classroom  discussions  and  to  act  as  laboraioiy  exercises.  Recently,  we  have 
attempted  to  develop  lessons  which  could  be  used  on  a  siand-aione  player.  If  the 
lesson  is  available  on  a  stand-alone  player,  we  can  provide  it  to  many  physics 
teachers  without  the  need  for  each  individual  school  or  university  having  the  same 
soliware  and  haidware.  The  basic  technique  involves  a  videodisc  player,  its  key- 
pad, and  a  transparent  sheet  of  acetate.  Students  use  the  keypad  to  find  an  appropri- 
ate scene  on  the  videodisc.  We  then  recommend  that  they  play  the  scene  once  so 
they  have  a  feel  for  what  is  happening.  Then  they  return  to  the  beginning  of  the 
scene  (again  using  the  search  capabilities  of  the  videodisc  player)  and  begin  collec- 
tion of  data.  The  data  collection  involves  making  marks  on  the  transparent  acetate. 
For  an  analysis  of  a  point  panicle  or  the  center  of  mass  of  an  extended  particle 
such  as  an  automobile,  the  students  make  individual  marks  lor  the  location  of  the 
center  of  mass  on  consecutive  frames.  Because  the  rate  at  which  the  film  was 
recorded  is  kno>*  u,  the  time  between  consecutive  images  is  also  Known.  Students 
may  remove  the  acetate,  place  it  on  a  piece  of  graph  paper  and  enter  the  coordi- 
nates into  a  productivity  program  such  as  a  spreadsheet.  Very  quickly  then  students 
may  obtain  velocities,  accelerations,  and  other  kinematic  information. 

A  more  complex  situation  involves  the  collection  of  data  for  an  object  which 
changes  its  shape.  We  have  studied  objects  such  as  automobiles  during  collisions 
and  athletes  performing  high  jumps,  long  jumps  and  pole  vaults.  For  these  situa- 
tions we  have  followed  the  same  techniques  used  by  researchers  in  biomechanics 
and  kinesiology.  Students  are  asked  to  develop  a  model  of  the  object  or  athlete  and 
use  the  stick  figure  models  to  learn  more  about  the  motion.  The  example  models 
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can  be  drawn  on  ihe  acclate  for  each  of  the  video  images  in  the  scene.  Again,  the 
acetate  is  removed,  the  coordinates  are  read  into  a  computer  program,  and  the  anal- 
ysis is  comploicd.  Hiis  system  allows  students  to  begin  U)  understand  the  nature  of 
a  physical  model  and  to  apply  physics  to  more  complex  situations  than  arc  usually 
treated  in  introductory  physics  courses.  (This  system  is  also  beginning  to  be  used 
in  kinesiology  and  biomechanics  classes  to  help  those  students  understand  the 
value  of  this  technique.) 

While  these  techniques  can  be  very  useful,  the  lime  involved  in  drawing  the 
models  on  the  acetate  and  entering  the  data  can  be  extremely  long.  We  have  found 
that  the  analysis  of  a  high  jumper  using  a  five-segment  model  can  take  students 
many  hours  of  tedious  work.  To  circumvent  that  difficulty  and  still  enable  students 
to  understand  the  power  of  this  type  of  modeling,  wc  have  developed  a  program 
using  interactive  graphics  ovcrlaycd  on  top  of  the  video  screen.  Our  first  attempt  at 
this  uses  an  Amiga  computer  with  a  Genlock  peripheral.  The  peripheral  provides 
the  mixing  of  the  computer  graphics  with  the  video  signal  whil  omputer  pro- 
gram enables  students  to  locate  the  end  of  each  segment  of  the  by  moving  a 
pointer  with  a  mouse.  As  the  students  click  the  mouse  on  each  end  of  each  seg- 
ment, the  coordinates  of  that  segment  appear  on  the  screen  and  are  simultaneously 
stored  in  a  file.  The  analysis  can  be  completed  for  each  of  the  video  frames  and  the 
end  result  is  a  file  containing  all  of  the  data  concerning  the  model.  This  data  collec- 
tion technique  is  clearly  much  quicker  than  that  of  the  acetate  overlay. 

We  believe  that  it  is  wise  r)r  students  to  leam  to  use  existing  productivity  soft- 
ware, and,  of  course,  we  wish  to  minimize  our  own  programming  efforts.  Thus  we 
have  not  wriuen  an  analysis  program  for  the.sc  data.  Instead,  we  suggest  that  stu- 
dents import  the  data  into  a  spreadsheet  program  and  analyze  them  in  that  wa>.  For 
some  students  a  more  appropriate  technique  may  be  to  write  their  own  programs  to 
analyze  the  data. 

This  technique  is  quite  useful.  However,  it  suffers  from  a  lack  of  hardware  stan- 
dardization. For  each  type  of  computer,  one  would  need  to  produce  a  different  driv- 
er and  set  of  materials  for  both  the  videodisc  control  and  the  graphics  overlay.  Thus 
at  this  point  we  have  only  produced  a  demoiji>tration  lesson. 

Interactive  video  materials  can  be  created  quite  easily  with  existing  videodiscs. 
The  large  number  of  avaiJable  videodiscs  enables  any  insuuctor  who  wishes  to  cre- 
ate materials  to  do  so.  An  instructor  can  choose  to  use  a  level  1  system  with  paper 
and  pencil  or  acetate  sheets  to  prepare  a  videodisc  lesson.  A  number  of  examples 
of  this  type  of  material  are  available.*^  An  instructor  with  computer  programming 
knowledge  or  with  students  who  have  computer  programmmg  knowledge  can 
develop  lessons  and  then  drive  them  with  a  small  computer.  Instructors  who  wish 
to  use  authoring  systems  have  a  number  of  options  available,*^ 

The  production  of  video  for  a  videodisc  has  until  recendy  been  limited  to  those 
individuals  who  have  access  to  professional  production  studios.  However,  recent 
advances  in  the  quality  of  recording  equipment  and  desk-top  video  software  for  the 
Amiga  and  Macintosh  II  have  opened  up  new  possibilities.^^  Videodiscs  have  been 
produced  in  which  all  of  the  title  frames  were  created  using  desk-top  video  on  the 
Amiga;  some  video  materials  have  been  recorded  on  standard  home  video  equip- 
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ment  and  converted  to  videodisc  as  well.  Thus  ihc  capability  of  preparing  video  for 
a  videodisc  is  within  the  reach  of  many  physics  faculty  at  this  point. 

^deodiscs  that  will  not  be  commercially  distributed  and  will  only  he  used  for 
local  purposes  can  be  obtained  inexpensively  at  this  time.  Companies  such  as 
Crawford  YiCco  in  Atlanta  and  Specrral  Images  in  Burbank  can  produce  a  single 
copy  of  a  videodisc  for  $300.  While  the  quality  of  this  videodisc  is  not  as  high  as 
that  of  the  discs  produced  by  companies  such  as  3M,  Pioneer  and  Dupont-Philips, 
it  is  quite  adequate  for  lessons  on  an  individual  campus.  Thus  one  can  create  one*s 
own  video  and  obtain  a  videodisc  for  much  lower  cost  than  was  possible  as  recent- 
ly as  one  to  two  years  ago. 

The  Future 

Two  developments  will  have  great  impact  on  the  future  use  of  interactive  video  in 
te;K:hing.  One  of  those,  hypcrt  xt,  is  available  now  on  some  systems.  The  other, 
ful!  digitized  video  on  compact  discs»  should  become  available  in  the  very  near 
future. 

The  hypertext  format  of  software  provides  a  new  way  for  teachers  to  use  some 
aspects  of  interactive  video  relatively  easily.  Full  multimedia  presentations  using 
the  Macintosh  HyperCard  software  have  been  developed  in  a  number  of  areas. 
These  programs  are  particularly  useful  when  one  wishes  to  have  students  explore  a 
visual  data  base.  For  example,  HyperCard  stacks  for  the  National  Gallery  of  Art 
videodisc  provide  students  of  art  with  a  large  number  of  options.^^  They  may 
search  through  the  textual  data  base  associated  with  the  videodisc  for  any  one  of  a 
number  of  descriptors  listed  on  the  data  base.  Thus  if  a  student  wishu.  to  view  all 
of  Van  Gogh*s  treatments  of  flowers,  he  or  she  could  find  those  descriptors  in  the 
data  base  and  sec  each  individual  picture  on  a  video  screen  as  the  description  was 
being  displayed  on  the  computer  screen.  Similar  types  of  HyperCard  stacks  have 
been  developed  for  a  number  of  topics  in  asu'onomy^^  and  are  under  development 
for  some  of  the  physics  videodiscs. 

A  much  bigger  departure  from  the  present  analog  video  signals  will  take  place 
when  video  is  available  in  digital  form  on  a  compact  disc.  Two  separate  systems 
arc  underdevelopment  at  this  lime.  One  is  Digital  Video  Interactive  (DVI)  being 
developed  at  the  David  Samoff  laboratories.^"^  A  second  system,  compact  disc 
interactive  (CD-I)  is  a  different  format  being  developed  by  Philips  and  Sony. 

Because  both  of  the  systems  provide  video  in  a  digital  format,  the  images  can 
be  u-eated  as  complete  computer  information.  The  result  will  be  that  future  video 
images  can  be  manipulated  in  a  variety  of  ways  that  are  only  available  now  on  very 
expensive  digital  effects  generators  in  broadcast- level  TV  studios.  Images  will  be 
able  to  be  changed  in  size  and  shape.  Even  the  motion  of  an  object  will  be  able  to 
be  changed  by  processing  the  image  with  ar  appropriate  computer  graphics  pro- 
gram. The  difficulties  of  mixing  video  signal;  and  computer  signals  will  go  away 
completely  because  in  fact  there  will  be  only  one  :»gnal. 

One  can  begin  to  understand  the  power  of  the  CD-I  and  DVI  systems  by  digitiz- 
ing individual  pictures  using  today's  technology.  When  these  ind'  idu^^l  pictures 
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are  imported  into  paint  programs,  one  can  then  cut  part  of  one  pii  urc  out  of  an 
image  and  paste  it  onto  another  one.  Or»  one  can  use  archival  fi!n.  nd  video  in 
which  the  camera  moves  by  manipulating  the  image  to  obtain  a  common  reference 
point  and  isolating  small  arc  of  a  video  image  to  use  in  other  graphics  presenta- 
tions. These  and  other  capabiHlies  will  enable  physics  teachers  to  open  up  new 
possibilities  for  their  students. 


Conclusion 

Interactive  video  during  the  past  ten  years  has  greatly  changed  the  way  in  which 
visual  images  arc  used  to  teach  physics.  The  possibilities  of  easily  collecting  data 
from  scenes  of  real  events  has  enabled  us  to  bring  quantitative  analysis  of  the 
world  outside  the  classroom  and  into  our  everyday  laboratories.  The  capabilities  of 
stopping  some  of  the  classic  physics  teaching  films  at  critical  points  and  allowing 
students  to  think  about  and  interact  w'lh  the  vibual  images  as  well  as  branch  to  dif- 
ferent places,  has  provided  both  stu  >.nts  and  instructors  v.  ays  to  structure  these 
materials  to  be  more  appropriate  for iividual  students  or  groups  of  students.  New 
software  capabilities  and  the  ever-increasing  number  of  materials  available  on 
videodisc  mean  that  many  teachers  can  develop  appropriate  lessons  for  their  class- 
room situations. 

The  advent  of  digital  video  will  provide  another  large  change  in  the  capabilities 
of  various  systems.  The  digital  video  systems  will  enable  us  to  manipulate  change 
and  present  images  in  ways  that  w^  can  only  think  about  at  the  moment.  The  futurc 
for  interactive  video  is  bright  and  will  continue  to  get  brighter  as  the  capabilities  of 
the  hardware  and  the  creativity  of  the  physics  inalru^ior  expand. 


Introductory  Physics  Videodisc 
Lesson  Guide 

David  M.  Winch 

Physics  Department,  US.  Air  Force  Academy,  Colorado  Springs,  CO  80S40,  on  leave  from 
the  Physics  Department,  Kalamazoo  College,  Kalamazoo,  MI  49007 
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The  type  of  interactive  education  that  is  crucial  for  leaching  physics  is  now  possi- 
ble with  computer/videodisc  technology.  An  interactive  computer/videodisc  system 
combines  the  logical  control  of  the  computer  software  and  the  flcxibilily  of  the 
instructor  with  the  suberb  audiovisual  characteristics  of  tlic  laser  videodisc.  The 
laser  videodisc  can  store  54.000  individual,  digitally  numbered,  color  television 
images  accompanied  by  two  independent  audio  uacks. 

Unlike  other  forms  of  audiovisual  media,  the  videodisc  docs  not  need  to  be  pre- 
sented in  the  same  way  to  every  audience.  Its  random-access  capability  allows  an 
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educator  to  tailor  its  use  to  the  needs  of  a  particular  class.  Videodisc  lessons  may 
be  used  with  a  computer-controlled  videodisc  player,  a  videodisc  player  remote- 
control  unit,  or  a  combination  of  a  computer  with  an  instructor/student  control  by  a 
remote-control  unit 

Maximum  flexibility  is  obtained  by  using  a  combination  of  computer  control 
and  remote  control.  The  instructor  has  the  power  to  program  the  lesson  for  class- 
room or  individual  student  use  and  to  override  the  computer  with  the  remote-con- 
trol unit.  This  allows  the  instructor  to  have  the  lesson  prepared  before  the 
presentation  and  to  react  to  situations  that  might  require  stopping  a  videodisc 
sequence  for  discussion,  or  replay  a  sequence  for  better  comprehens:on. 

Videodisc  systems  are  widely  available.  There  are  two  authoring  programs 
(LaserWrite  and  LaserWork)  with  conna  -ng  videodisc  cables  for  the  Apple  IF 
HyperCard  software  products  that  drive  videodisc  pla)ers  run  on  the  Macintosh; 
the  Info  Window  computer/videodisc  system  runs  on  IBM  systems,  and  the  U.S. 
Air  Force  Academy  Physics  department  has  developed  a  Zenith-based  system.^ 

To  accompany  the  U.S.  Air  Force  Academy  system,  we  arc  developing  a  set  of 
instructor  lesson  guides.  Each  lesson  guide  includes  a  title,  the  lesson  objective,  the 
title  of  the  videodisc,  frame  numbers  of  videodisc  scenes,  a  description  of 
videodisc  scenes,  suggested  activities,  and  sample  discussion  questions. 

An  average  lesson  requires  approximately  ten  minutes  of  class  time  and 
includes  a  number  of  learning  methods  (motivation,  discovery,  problem  solving, 
and  discussion).  The  lesson  guides  present  the  required  videodisc  information  for 
the  lessons.  The  instructor  choor  *s  the  most  suitable  hardware  and  software  to 
drive  the  videodisc  player. 

1.  T.  Gisi  and  G.  Lorcn/cn,  "Hardware/Software  Implementation  of  an  Integrated  In 
Class  Instructor  Work  Suiion,"TITE  87.  19  (1987). 

2.  R.  G.  Fuller.  D.  Zollman,  and  T.  C.  Campbell,  The  Puzzle  of  the  Tacoma  Narrows 
Bridge  Collapse  (New  York:  John  Wiley  and  Sons.  1982);  R.  G.  Fuller  and  D.  Zollman. 
Energy  Transformations  Featuring  the  Bicycle  (Lincoln.  NE:  Gieat  Plains  Media 
Center.  University  of  Nebr aska-Lincoln,  1984);  D.  Zollman  and  R.  ^  Fuller.  Studies 
in  Motion  (Lincoln,  NE:  deat  Plains  Media  Center.  University  of  Nebraska-Lincoln, 
1984);  D.  Zollman,  Physics  and  Automobile  Collisions  (Ucw  York:  \^i\cy\  1984);  P. 
Monison  and  P.  Morrison.  The  World  of  Ch  rles  and  Ray  Eames  Videodisc,  Powers  of 
Ten  (Lexington.  KY;  Ziek  Co.  1986);  P.  ume  and  D.  Ivey.  Frames  of  Reference 
(Princeton,  NJ:  Educational  Services  Incorporated,  1960). 
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Using  Videodiscs  Interactively 
with  HyperCard 

David  M.  Wirch 

Department  cf  Physics,  US.  Air  Force  Academy.  Colorado  Springs,  CO  80840.  on  leave 
from  the  Department  cf  Physics.  Kalamazoo  College.  Kalamazoo,  Ml  49007 

Robert  G.  Fuller 

Department  cf  Physics,  US.  Air  Force  Academy,  Colorado  Springs,  CO  80840,  on  leave 
from  the  Department  of  Physics  and  Astronomy.  University  of  Nebraska-Lincoln.  Lincoln. 
NE  68588*0111 


The  laser  videodisc  stores  54.000  individual,  digitally  numbered,  color-iclevision 
images  accompanied  by  two  independent  audio  tracks.  There  are  many  physics 
videodiscs  available  {The  Puzzle  of  the  Tacoma  Narrows  Collapse,  Energy 
Transformations  Featuring  the  Bicycle,  Studies  in  Motion,  Physics  and 
Automobile  Collisions,  The  World  of  Charles  and  Ray  Eames  (The  Powers  of  Ten), 
Skylab  Physics,  Frames  of  References,  and  the  Mechanical  Universe  Series). 

At  the  simplest  level,  the  instructor  may  use  the  videodisc  remote  unit  as  a  lec- 
ture-demonstration de^'ice  to  access  an  image,  play  a  motion  sequence  pause, 
search,  etc.  This  can  be  a  simple  and  effective  method  to  bring  real-world  events 
into  Ihe  classroom  and  promote  discussion.  This  method  is.  however,  cumbersome 
to  use  when  the  presentation  requires  recalling  many  visual  images. 

An  instructor  can  design  more  complicated  interactive  lessons  by  coupling  a 
computer  to  the  videodisc  player.  These  lessons  may  be  used  in  the  lecture,  in  the 
laboratory,  or  in  an  individual  learning  environment.  It  is  possible  to  use  authoring 
languages  to  control  videodisc  players  by  computer,  but  these  systems  arc  hard  to 
use.  Now.  however,  videodiscs  can  be  conlrollcd  with  the  casy-to-usc  IfyperCa-d 
environment.  HyperCard  is  a  MJitwarv  erector  set — a  group  of  tools  you  can  use  to 
create  your  own  Macintosh  software  applications  using  Macintosh  icons  and 
mouse  style.  The  basic  tools  consist  of  buttons,  fields,  graphics,  and  cards.  The 
developck  can  add  HyperTalk  command*:  to  these  basic  tools  to  expand  the  range  of 
applications.  HyperCard  stacks  are  now  aviilable  to  driv?.  videodisc  players,  joid 
have  increased  the  ease  of  faculty  lesson  development  and  student  use. 

Hardware  and  software  requirements  for  such  a  computer'videodisc  syster 
include  a  Macintosh  Plus.  SE.  or  Mac  II  witJi  a  hard  disk  drive;  a  videodisc  player 
with  an  RS-232  interface  (Pioneer  LVP4200.  Pioneer  LDV6000.  SonylSOO. 
HiiachiVideo.  etc.);  an  appropriate  cable  connector  (Macintosh  to  videodisc  play- 
er); HyperCard  sofiware;  and  an  appropriate  videodisc  driver  stack. 
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The  "Mechanical  Universe" 
Videodisc  Project 

David  Campbell 

Department  <f  Physics,  Saddleback  Community  College,  Mission  Viejo,  CA  92675 

Don  Delson 

DepartmefU  of  Physics,  California  Institute  cfTechnology,  Pasadena,  CA  91125 

Dean  Zollman 

Department  of  Physics,  Kansas  Stale  University,  Manhattan,  KS  66506 


The  television  series  *The  Mechanical  Universe  and  Beyond"  consists  of  52  pro- 
grams that  span  the  topics  in  an  introductory  physics  course.  The  programs  can 
provide  instmction  in  broadcast  or  cassette  form,  but  such  a  format  does  not  allow 
classroom  or  independent-study  random  access.  To  provide  random  access  the 
series  is  being  placed  on  videodisc.  Accompanymg  software  for  the  IBM 
InfoWindow  interactive  video  system  will  -^ffer  teachers  and  students  Jie  ability  to 
select  segments  from  the  discs  and  to  use  the  materials  in  an  interactive  mode.  I 
will  demonstrate  examples  of  progress  to  date. 

The  ''Mechanical  Universe  and  Beyond**  television  series  received  major  fund- 
ing from  the  Annenberg/CPB  Project  The  videodisc  development  is  being  support- 
ed by  IBM. 


Interactive  Laser  Videodisc 

John  A.  Rogers 

Science  Center,  Educational  Service  Unit     Omaha,  NE  68137 


TIic  problem  of  providing  qualify  ii  ^.truction  has  reached  crisis  proporlicns  in  the 
general  education  community.  This  crisis  has  been  caused  by  the  decrease  in  the 
amount  of  real  money  available,  the  increase  in  the  diversity  of  our  population 
(non-English  speaking.  etcO»  the  decrease  in  the  number  of  qualiTied  teachers 
(especially  in  the  physical  sciences),  and  the  increase  in  pressure  to  belter  prepare 
students  in  fundamentally  important  skills,  concepts,  and  thinking/learning  pro- 
cesses. 

A  variety  of  technologies  can  help  the  educational  community  meet  many  of 
the  instnictional  requirements  facing  us  today  and  in  the  near  and  far  futures.  If 
"technologies"  are  properly  designed  and  implemented,  they  can  capture  the 
essence  of  otir  best  instructors*  teaching  methods  so  that  our  students  can  achieve 
their  potentials. 
>" 
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We  are  a  visually  oriented  society;  we  seek  high-quality  images.  One  way  to 
enhance  the  quality  of  educaiion  is  to  use  high-fidelity  color  images  of  both  real 
(concrete)  and  abstract  objects  and  concepts.  Both  still  images  and  real-time 
motion  sequences  can  be  of  educational  value.  The  best  method  we  presently  have 
available  to  deliver  these  images  to  students  is  the  laser  videodisc  (L'*xrVision).l 

This  talk  will  be  a  brief  introduction  to  interactive  vid.-:  technology 
(LaserVision  disc).  Conference  participants  will  have  opportunity  for  hands-on 
viewing  time  and  working  with  a  variety  of  laser  videodiscs,  players,  and  micro- 
computer systems. 

Some  laser  videodiscs  are  available  through  general  distribution.  Each  disc  is 
designed  for  a  specific  level  of  control— some  level  1 ,  some  level  2  and  some  level 
3 — but  all  have  educational  value  and  can  be  used  in  a  variety  of  systems  and 
teaching  methodologies.  Prices  range  from  S40  to  S400  per  disc.  Tabic  1  lists  spe- 
cific discs  that  relate  to  physics. 

Teachers  can  use  authoring  programs  to  create  their  own  interactive  videodisc 
lessons.  Authoring  programs  make  designing,  scripting,  and  programming  lessons 
easier.  The  current  versions  of  most  programs  control  many  of  the  decisions  that 
must  be  made  while  authoring  by  menu.  Menu  choices  include  frame/chapter 
searches,  play  sequences,  types  of  participant  responses,  branching  information, 
page  style»  computer-generated  graphic  image  recalled  from  floppy  disk,  and  the 
way  paiticipants'  responses/choices  are  recorded. 

In  choosing  an  authoring  program,  the  following  considerations  are  of  primary 
conccn:  (1)  ease  of  use  in  both  software  programming  and  videodisc  player-com- 
puter interfacing;  (2)  broad  use  m  education;  (3)  low  cost;  (4)  features  and  power. 

Complexity  is  more  often  a  major  stumbling  block  than  cost  for  a  neophyte 
author.  Some  programs  offer  more  features  and  instructional  pov/er,  but  they 
require  more  costly  equipment  and  more  time  to  learn.  Although  simpler  programs 
arc  somewhat  limited  in  their  features,  they  have  lower  learning  curves. 

Authoring  is  a  very  complex  ana  time  consuming  process  and  it  is  mauc  still 
more  complex  and  time  consuming  by  hard-to-use  programs.  My  philosophy  is  to 
keep  it  simple  when  beginning  and  grow  as  needed.  As  a  teacher's  need  for  more 
features  and  power  increases,  growth  into  more  complex  programs  is  easy.  Table  2 
shows  the  authoring  programs  that  I  support  and  work  with. 

The  interface  is  the  physical/electrica)  connection  between  the  microcomputer 
and  the  laser  videodisc  player.  The  general  trend  is  to  make  the  interfacing  simple. 
As  with  the  software,  I  believe  that  the  system  should  start  simple  and  grow  as 
funds  and  needs  increase.  All  of  the  single-cable  interface  systems  require  two 
screen  presentations.  Prices  range  from  $25  to  S 1000  depending  on  the  authc^s 
requirements  for  features  of  the  system.  Table  3  lists  interfaces  that  1  support  and 
use. 

Scientists  and  engineers,  through  industry,  can  now  provide  educators  with 
computers  that  are  low  in  cost,  and  have  high  operating  speeds,  larger  RAM,  and 
improved  graphics.  Mass  information  storage  such  as  CD-ROM  and  40M+  RAM 
magnetic  hard  drives,  and  powerful,  flexible,  and  user-friendly  software  are  now 
readily  available.  In  addition,  there  are  increasingly  better  methods  of  visual  tech- 
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nologies,  e.g.,  laservision,  DVI,  etc.  The  educational  community  is  benefiting  from 
better  intercommunications,  which  will  enable  instructors  to  share  information  and 
ideas.  These  technological  and  communication  advances  will  allow  us  to  see  the 
development  of  better  instructional  delivery  tools  and  systems.  The  advanced  tech- 
nology will  free  teachers  to  concentrate  on  what  ihey  can  do  best — interact  with 
students. 
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Table  1 

Companies  Distributing  Videodiscs  Related  to  Physics 

Great  Plains  National  Video,  Tel.  (800)  228-4630 

Studies  in  Motion  Uses  swimmers,  gymnasis,  and  a  dancer  to  iUustratc  and 

study  linear  and  rotational  motion.  Computer  program 
available. 

Energy  Transformation         Uses  several  bicycles  to  study  enc;gy  sysicms.  Corrpuler 

program  available. 

John  Wiley,  Tel.  (212)  850-6418 
Puzzle  ofTacoma 

Narrows  Bridge  Collapse    Originally  a  Level  2  disc.^  useful  Level  1  and  3.  Has  sev- 
eral "experiments"  on  it. 
Physics  and  Straight- line  and  2D  collisions- from  side  and  above. 

Automobile  Collisions 

American  Association  of  Physics  Teachers,  Tel.  (301)  345-4200 

Sky  lab  Physics  Includes  print  materials  for  background  and  student  activi- 

ties. 

Zytek,Tel.(800)  252-7276 

Powers  of  Ten  Contains  other  video  materials  from  Eames,  mcluded  is  the 

book  Powers  of  Ten. 

National  Air  and  Space        The  three  discs  contain  approxm\ately  100.000  still 

Museum,  Vols.  1,  2.  images  each  of  aircraft,  etc 

and  3 
Space  Waich.  Home 

Planetarium 

Central  Scientific  Co.,  Tel.  (800)  262-3626 

Frames  of  Reference  The  original  PSSC  film  can  be  still-friunal 

Photonsand  Two  PSSC  filn'.s  both  on  one  disc. 

Interference  of  Photons 

Optical  Data  Corp.,  Tel.  (80^^  ^24-2481 

Physical  Science  Disc  1 :  Matter,  force  and  motion 

Disc  2:  Waves,  E  and  M  and  reactions'.  Good  physics. 
Space  Flight  Space  Archive  Vol.  1:  Space  Shuttle. 

Space  Arcliive  Vol.  2:  Apollo  17 

Space  Archive  Vol.  3:  Mars  and  Beyond  and  Landings  on 
Mars.  Some  images  are  3D. 
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Space  Archive  Vol  4.  Shuttle  Downlink,  Includes  repair  of 

So!-r  Max  salclliie  and  free  walk  in  space. 
Space  Archive  Vol,  5:  Greeting  from  Earth,  High  aliiiude  and 

satellite  images  of  Earth. 
Space  Archive  Vol.  6:  Encounters,  Contains  Halley*s  comet 
information  and  Skylab  "filmloops." 
Pulling  G's  Motion  sequences  of  a  variety  of  aircraft  A  fun  disc. 

Astronomy  Very  good  for  general  astronomy  classes. 

The  Sun  First  side:  many  images  of  the  sun;  second  side:  the  mo/ic 

Universe, 

Image  Premastering,  Tel.  (612)  454-9622 

Image  Premastering  Approximately  200  aapt  slides  and  a  variety  of  many  other 
Service-Shared  Disc  images. 

Rose-Hulman  Institute  of  Technology,  Tel.  (812)  877-1511 

Enlivening  Physics         Project  between  Rose-Hulman  and  area  high  schools.  Limited 
distribution. 

National  Technical  Information  Service,  Tel.  (703)  487-4650 
Planetary  Image  Disc      Two  volumes . 

Addltbnal  companies  distributing  videodiscs  related  to  physics: 
Teaching  Technologies,  Tel.  (805)  541  -3 1 00 
Taigenl  Welch,  Tel.  (312)  677-0600 
VidcoDiscovery,  Tel.  (800)  548-3472 

Minnesota  Educational  Computing  Corporation,  Tel.  (800)  228-3504 
Arbor  Scientific,  Tel.  (313)  66^-3733 

!n  preproductlon: 

Mechanical  Universe      College  Version 
Physics  of  Sport 
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Table! 

Authoring  Programs 

Program  Name  Produccr/Dlstrlhutor  Telephone 

Apple  11  (+,  e,  c,  gs)  family  of  microcomputers 

LascrWorks  Tcachmg  Technologies  (805)  54 1  -3 1 00 

Ztek.  (800)247-1603 

Video  Discovery.  ^900)  548-3472 

Las«r Write/Lesson  Maker         Optical  Data  Corp.  (800)  524-2481 

Macintosh  (Plus,  SE  and  Mac  II  microcomputers) 

HyperCard  Apple  Computer  Corp.  Local  Apple  Dealer 

Voyager  Video  Stack  Voyager  Company  (21 3)  474-0032 

MS-DOS  (IBM  PC-DOS  and  compatible  microcomputers) 

VidKit  VideoDiscovcry  (800)  548-3472 
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Tables 

Computer- Videodisc  Player  Interface 

Program  Name  Producer/Dlstrihutor  Telephone 

Apple  n  (•»  jt^^)  family  of  microcomputers 

Laser  Talk  Optical  DaU  Corp  (800)  524^2481 

Single  cable  between  Apple  II  e  and  gs);  two-screen  system  only;  no  video  switching. 
Cables  for  Pioneer  LD-V2000  (and  similar  players)  and  LD-V420O 

LDl  Teaching  Techniques  (805)  54 1-3 100 

Two  versions,  both  for  the  Apple  II  (+,  c,  c,  and  gs)  family  microcomputers;  (1)  single 
cable*  two-screen-only  system,  no  video  switching,  and  (2)  video  switching  interface  that 
allows  either  one  screen,  video-switching  systems,  or  two-screen  systems  without  video 
switching.  Pioneer  LD-V2000  (and  similar  players)  and  LD-V4200  players  supported, 

MS-DOS  OBM  PC'DOS) 

Visual  Database  Systems  Cables  Visual  Database  Systems  (408)  438-8396 
Cables  VidcoDiscovery  (800)548-3472 

Macintosh  {HyperCard ) 

Cables  for  the  Macintosh  miciocomputcr  to  a  variety  of  players  are  available  from  the 
companies  given  above.  An  interface  between  Macintosh  microcomputers  and  Pioneer 
LD*V2000  players  will  be  available  during  the  summer  of  1988.  Contact  tlie  above  com- 
panies for  more  information. 


1.  Ed  Schwartz,  The  Educator's  Handbook  to  Interactive  Videodisc  (Washington.  DC: 
Association  for  Edix:ational  Communications  and  Technology,  1987);  Should  Schools 
Use  Videodisc?  (Alexandria,  VA:  Institute  for  the  Transfer  of  Technology  to  Education, 
National  School  Boards  Association);  Videodiscs  in  Education  (Chelmsford,  MA: 
Merrimack  Education  Center);  The  Videodisc  Monitor  (a  monthly  videodisc  industry 
publication). 


Smooth  Animation  on  the  IBM  PC 
for  Lecture  Demonstrations  Using 
Page  Flipping 

Randall  S.  Jones 

Physics  Department,  Loyola  College    jltimore,  MD  21210 


There  arc  two  mam  problems  with  usmg  computer  graphics  to  demonstrate  physics 
concepts  in  the  lecture  room.  First,  the  cost  of  projection  systems  is  high.  Second,  a 
Q  *5Cturcr  who  uses  an  IBM  color  graphics  adapter  (CGA)  can't  do  page  flipping. 
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Page  flipping  is  ihc  graphics  technique  of  drawing  on  an  invisible  screen  in  memo- 
ry while  a  second  screen  is  displayed,  and  then  flipping  the  two  pages.  Since  none 
of  the  line  drawing  is  visible,  page  flipping  produces  smooth  animation. 

The  first  of  these  problems  has  been  solved  by  the  recent  arrival  of  liquid  crys- 
tal display  (LCD)  projection  systems^  for  use  on  overhead  projectors.  The  second 
problem  can  be  solved  by  using  an  extended  graphics  adapter  (EGA)  standard, 
which  allows  page  flipping  for  smooth  animation  in  several  of  its  graphics  modes. 
Unfortunately*  the  current  crop  of  I  CD  projection  displays  do  not  support  the  EGA 
stimdaid. 

There  arc,  however,  several  inexpensive  EGA  graphics  cards,  for  example, 
EGA  Wonder  by  ATI  Tec^  nologies  Inc.,  that  will  connect  to  CGA  monitors.  These 
cards  may  be  used  to  drive  LCD  projection  displays.  Thus,  smooth  animation  is 
now  available  even  for  those  of  us  on  tight  budgets. 

We  will  show  the  efl'ectiveness  of  page  flipping  in  generating  smooth  graphics 
en*ects  by  demonstrating  several  simple  programs  that  we  have  written  BASICA 
to  simulate  wave  interference  efl'ects.  Alth^'^^^  such  programs  are  ea'^y  to  p:oduce, 
they  arc  en*ective  insuiiciional  aids. 

1.  Frank  Bican.  "Real-Time  Overhead  Displays  for  Uie  Big  Screen.*'  PC  Maga/inc  7.  (5) 
161  (1988). 
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Trademarks 

MacFORTRAN^  is  a  tndcmark  of  Absoft  Corpoauon.  Analog  Devices®  is  a  registered  trademark  of 
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spreadsheets.  329-4 1 3 
computations 
in  physics.  375-381 
spreadsheet  use.  366 
'*Conputcr... Teaching  Aid  in  Wiysics: 

Case  Study  in  Opdcs  and  Wave 

Thcor>-**,  127-128 
"Computer  Analysis  of  Physics  Lab 

Data".  245-246 
"Computer  Conferencing:  A  New 

Delivery  System  for  College 

Coursework**.  492-499 
computer  conferencing 

advantages.  495-497 

disadvantages.  496-497 
"Computer  Demonstrations  for 

Optics  .  437-438 
"Computer  Desk-Top  Management  for 

the  Physics  Teacher**.  481-482 


index 


^'Computer  Interface  for  Measurement 

of  Coefficient  of  Linear  Expan- 

sion^231 
computer  languages 

i^lcsoft  BASIC,  132 

BASIC.  121.247 
forCAI,430 

in  computational  physics,  380 
simplicity,  33 

*ised  in  Standing  Waves,  12 
Borland  Turbo  BASIC,  127 
C.  121 

CALCOMP  graphics.  101 
cT  (formerly  CMU  Tutor). 

143-144 
cT  uses.  445-453 
FORTH 

atGettysbiL-g  College.  468-469 
FORTRAN.  145. 214. 217. 247 

in  computational  i^ysics.  380 

scientific  computation.  332 
51 

MacFORTRAN.475 
Mathematical  338-346 
Microsoft  BASIC.  152 
Microsoft  FORTRAN  77. 214 
MS-FORTRAN.  101 
Pascal,  247 

in  computational  physics,  380 

and  Project  M.U.P.P.E.T.,  4 
programming,  446-472 
QCALgrs^hics,  101 
QuickBASIC,  145 
Turbo  Pascal,  5 1 , 148, 425, 456 

for  introductory  physics  courses, 
460 
TUTOR 

used  in  NovaNET  system,  485, 
489 

computer  literacy  and  student,  77 
"Computer  Simulation  of  the  Scatter- 
ing of  a  Wave  Packet  from  a 
Potential",  138--140 
computer  simulations 

in  Great  Britain  and  NcHth 
America,  112 


"Computer  Tutors:  Implicadons  of 

Basic  Research  on  Learning,..", 

290-301 
computer-aided  instruction 

advanced  design,  320-321 

advantages,  316-317 

Clark's  theory,  311-316 

developed  at  Morgan  State  Univer- 
sity, 458 

individualization,  316-321 

laboratory,  237-238 

media  principle,  314-315 

for  physics  courses,  427 

software  use,  363-364 

special  needs,  317 

task  environment,  296 
computer-based  education 

NovaNET  system  use,  485-492 
Computer-based  Education  Research 

Laboratory 

Cyber  machine  development,  491 
MicroTutor  language  development, 
451 

computer-based  instruction,  362-363 
"Computer-Based  Instruction  for 

University  Physics",  430-432 
Computer-Based  Instructions  for 

College  (or  University)  Physics 

software,  44 1 
computer-conU'ollcd  hypermedia, 

61-63,66 
"Computerized  Experiments  in 

Physics  Instruction",  237-239 
computers 

advantages  and  disadvartagcs,  425 

AMIGA,  140 

using  desk-top  video  software, 
531-532 

analogy-based  tutor,  263-264 

Apple 

use  at  Gettysburg  College, 
468-469 
Apple  II,  12, 108,111,130 
AC  conU'ol  circuit,  196f 
at  Sweet  Briar  College,  503-505 
forCAI,430 
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Data  Analysis  software  use,  246 

for  online  testing,  SIO 

cities  software,  123 

sound  analysis  experiments,  236 

Spectrum  Calculator  software, 
137-138 

spreadsheet  use,  36S 

United  States  Energy  Simulator 
sottware,  i34 
Apple  II  graphics,  132 
Apple  lie,  109 

optics  software,  123 
Apple  He 

at  Miami  University,  222 

forCAI,427 

optics  software,  123 

sound  analysis  experiments,  236 
Apple  IIGS,  109 
Apple  Macintosh,  12,  ISO 

using  cT,  445 
AT&T  6310  computer,  1 18 
at  Florida  State  University,  2S2 
at  North  Carolina  State  University 

423 

at  Sweet  Briar  College,  503-505 
Atari 

TUDOR  compatibility,  489 
atom  simulation,  86 
C  AI  effectiveness,  310-311 
Clark's  theory  on  CAI,  311-316 
Commodore 64, 219,  111 
Commodore  64 

spreadsheet  use,  365 
Commodore  64/128, 134 
Compaq  III,  409 
cost  effectiveness  in  physics 

education,  302 
CRAY/XMP,  356, 358 
crystal  growth  simulation,  85 
curriculum  design,  330-337 
data  acquisition 

and  analysis,  107 

experiments  227-229 

DEC  Microvax 
using  cT,  445 


DEC- VAXl  1/780, 100 
Digital  PRO/350, 118 
dipole  antenna  radiation  presen- 
tations, 108 
displays  as  visual  medium,  516 
DNA  molecular  chain  analogy, 
87 

Doppler  effect  presentations,  108 
effective  direct  instruction,  290 
electromagnetic  radiation  prograf?^. 
108 

ESCMO/VTIOO/Tcktronix,  101 
evolution,  127 

experimental  pli  >ics  enhancement, 
203 

Heath/Zenith  MOO,  121-122 
HcwleU-Pacdrd  500-Plus  laser 

printer,  104 
high-resolution  physics  simulation, 

100 

IBM  compatibles.  111 

at  Sweet  Briar  College,  503-505 
IBM  PC,  12 

at  Physics  Computer  Learning 
Center,  Mo.,  501 

for  CAI,  430 

Dynamic  Analyzer  program, 
476^77 

optics  program,  125 

optics  software,  123 

use  at  Gettysburg  College. 
468-469 
IBM  PC-conipatiblcs 

used  at  U.S.  Military  Academy, 
463-464 

used  in  physics  labs,  252 
IBM  PC/2, 155 
IBM  PC/AT 

used  in  optics  course,  437-438 
IBMPC/AT/(PC/2),  100 
IBM  PC/XT/AT,  149 
IBM  PS/2 

TUDOR  compatibility,  489 

using  cT,  445 
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IBMRTPC 

using  cT,  445 
IBM  XT,  7. 127 

at  Physics  Computer  Learning 
Center,  Mo.,  SOI 
IBM-3084, 100 
IBM-3090, 100 
innovators,  3-14 
instructional  value,  420-421 
interaction  quality,  35-35 
interfacing  physics  experiments, 

235 

in  introductory  physics  courses, 
169 

justified  use,  362-365 

and  learning  processes,  325-326 

for  least-squares  fitting.  336-337 

load  imbalance,  354 

Macintosh,  108, 152 

at  Sweet  Briar  College.  503-505 
interactive  graphing,  475 
in  physics  simulations.  77-78 
in  simulation  courses.  82 
spreadsheet  use.  365 
in  Woricshop  Physics  Project. 
239-240. 243 

Macintosh  Plus 

v^th  experimental  physics.  229 

magnetic  fields  measurement  use. 
189-190 

MaxwelFs  Demon  simulation.  108 
mirrors  programs.  123-124 
Model  33  Teletype.  169 
MS  DOS 

spreadsheet  use.  365 
NEC-APC.  100 
NEC-APCIII.  100-101.104 
networicing  and  workshops. 

485-511 

not  superior  insuiictional  medium. 

362-365 
orbital  motion  simulation.  1 17 
parallel  and  sequential.  348f 
particle  animations.  95-96 
PCs  as  ten  inals  to  mainframes. 


PDPl  1.213 
inrhysics,  33-34 
physics  curriculum  effects,  3-74 
in  physics  laboratory,  159-254 
physics  lecture  demonstrations, 
437-442 

problem-solving  at  the  U.S.  Air  Force 

Academy » 425 
program  developments,  96-99 
programming,  109 
research  tooi»  268 
serial  interface,  160-161 
simulation  programs.  107-108 
sk'-pticism.  309-316 
spreadsheet  use.  365 
Sun  3/260 

use.  471^72 

Sun 

using  cT.  445 
testing  online  at  St  Louis  Community 

College,  510 
text  programs.  107 
and  theoretical  physics.  6-7 
tutor  components.  29 1  -292 
tutorial  programs.  107 
use  opposed.  243 
used  in  introductory  courses.  460 
used  in  research.  233 
utilities  for  teaching  physics.  475-482 
VAXl  1/780  computer,  356 
VAX.  213 
VAX  network 

use.  471^72 

VAX-750 

instruction  hardware.  237-238 
VAX-8800/2. 100 
VIC-20.  Ill 

vs.  human  uitors.  299-300 
wave  algorithms.  94-95 
what  can  they  do?.  34-36 
word  processing  and  number-crunch- 
ing. 107 
Zenith  248 

U.S.  Air  Force  Academy.  499 

Zenith 

TUDOR  compatibility.  489 
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Zenith  ATs 

at  Physics  Computer  Learning 
Center.  Mo..  501 
Zenith  Z-248 

at  U.S.  Air  Force  Academy.  425 
^'Computers  and  the  Broad  Spectrum 

of  Educational  Goals**,  54-^ 
**Computers  in  Introductory  College 

Physics**.  503-505 
^'Computers  in  Learning  Physics: 
What  Should  We  Be  Doing?". 
32-39 

^'Computers  and  Research  in  Physics 

Education**.  257-282 
computing 

compared  to  programming  and 
coding.  378-?79 

as  insight.  398 
concepts 

k'aematic^  tutorials.  4 19 
coTiCurrent  computer 

inuiginary  missile  launch.  359f 
"Concurrent  Supercomputers  in 

Science".  346-361 
concunent  supercomp  iters  use. 

355-360 
CONDUIT 

software  distributor.  12 
Conservation  of  Angular  Momentum 

experiment.  222 
Conservation  of  Linear  Momentum 

experiment,  222 
contemporary  phys' s.  40-44. 48-49 

bulletin  board  use.  51 1 

needed.  15 
"Contemporary  Physics  in  the 

Introductory  Course".  40-44 
Contemporary  Physics  Through 

Phenomenology  group.  4 1 -42 
continuum  models.  84 
Control  Data  Corporation 

physics  and  problem -solving, 
72-73 

PLATO  system.  72 
Conway.  John  Horton 
Cambridge  University.  87 
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coacx  simulations 

California  Institute  of  Technology, 
357 

CORVUS  networic 

for  online  testing.  510 
Cosmic  Ray  experiment.  238 
cost  effectiveness 

computer  programming  for  physics, 
302 

Coulomb  displays.  79 
Coulomb  simulations.  243 
counting  statistics 

MBL  radiation  detection.  28f 
**Coupling  Numerical  Integration  with 

Real  Experience".  242 
''Coupling  Simulations  with  Real 

Experience".  243 
course  logistics 

computer  use  justified.  364 
courses 

compared.  36-37 

proliferation.  64 
courseware.  72-73 

pppforlBM  PCs.  142-143 
Crandall.  Richard  E. 

"Automata  on  the  Mac".  151 
CRAY/XMP  computer.  356. 358 
creativity  encouragement,  56 
Ci  icket  Graph  software.  239-24 1 
crystal  defects  animation 

computer  programs.  98 
cT  computer  language 

at  Center  for  Design  of  Educational 
Computing.  445-453 

description.  446-450 

design 

Center  for  Design  of  Educational 
Computing.  45 1-453 

features.  453-454 

formedy  CMU  TUTOR.  143-144 

history.  451-452 

as  interface  with  LISP  and  FOR- 
TRAN. 450 

and  its  uses.  450-451 

major  features.  445-446 

program  statements  generated.  447f 
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using  Apple  Macintosh,  445 

using  IBM  P5/2,44S 
curriculum 

».xl  computers,  3-74 

design  using  computers,  330-337 

dcvtlopmcnl  of  CAI,  282-290 

develofMnent  phase,  38-39 

experimental  phase,  38 
ciTve  drawing 

computer  programs,  97 
"Curvefit:  An  Interactive  Graphing 

and  Data- Analysis  Program...", 

475 

Curvefit  software,  475 
Cyber  machine  development 

Computer-based  Education 
Research  Laboratory,  491 
Cygk>us  experiment 

Los  Alamos,  N.M.,  214-215 

DaDisp 

equation  solver  software,  478 
Damp  BASIC  program,  119 
damped  oscillators  software,  122 
dark  matter 

gravitational  dynamics,  153 
dashed  lines  marquee  effect  animation 

computer  programs,  97 
data  acquisition 

and  analysis,  107 

workshop  at  Ithaca  College, 
507-508 
Data  Analysis  software,  246 
data  collection  education,  247 
data  entry  rules,  102t 
data  and  formula  ent<7 

spreadsheets,  408 
Data-InputlEditor  software,  200 
DEC  Microvax  computer 

using  cT,  445 
DEC- VAX  1 1/780  computers,  100 
decay  curve 

Ag(l08)  andAg(llO),  208f 

Ba(137),  208f 
DECNET  link.  216 


Delson,  Don 

"The  'Mechanical  Universe* 
Videodisc  Project",  536 
DeMarco,  Michael  J. 

"VideoGraph:  A  New  Way  to 
Study  Kinematics",  244-245 
"Demonstration  of  Diffusion>Limitcd 
Aggregation  and  Eden  Growth..., 
152^153 

"Demonstration  of  Physics  Programs 

written  in  cT,  143-145 
demonstrations 

physics  lectures,  437-442 

software  aids,  437-442 
"Density  of  Orbitals:  A  Tutorial", 

429-430 
"Design,  Implementation,  and 

Performance. . .for  General  Phys- 
ics", 218-220 
desk-top  publishing,  29-30 
desk-top  video  software 

for  Amiga  computer,  531-532 

for  Macintosh  11,531-532 
detectable  radiation,  207f 
deterministic  cellular  automata,  85-S7 
"Developing  CAI  Programs  with 

Apple  SuperPiiof,  458^59 
DeVrics,  Paul  L. 

"Teaching  Computational  Physics", 
398 

Dickinson  College,  Pa.,  5 
USI  Macintosh  project,  161 
Workshop  Physics  Project, 
239-241,241-243 

diffraction  plots  simulation,  80 

diffusion  plots 

computer  programs,  96 

diffusion-limited  aggregation 
Macintosh  program,  152 

Digital  Equipment  Corp. 

help  with  Standing  Waves,  12 
MIT  Project  Athena  funding,  9-1 1 

Digital  PRO/350  computers,  1 18 

Digital  Video  Interactive,  526 
development,  532-533 
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dipole  antenna  radiation 
computer  presentations,  108 
direct  time-dependent  simulation,  13S 
disadvantages  of  computers  in 

lalxxatory,  202 
discrete  equations  simulations,  13S 
dismay  routines  in  cT,  447, 448f 
displays 

computer  as  visual  medium,  516 
solution  process  role,  2971 
task  environment,  296 
DLA,  see  diffusion-limited  aggrega- 
tion 

dodecahedron  plot  simulation,  344f 

Doppler  effect 
animation  computer  programs,  97 
computer  presentations,  108 

Doppler  program  module  software, 
128 

E>oppIer  shift  spreadsheet 

single-answer  approach,  371-372 
Drcxel  University,  Pa, 

Macintosh  computer  use,  109-1 10 
drills  necessary,  302-^303 
Dubisch,  Russell  J. 

"Instrjctional  Scripts  with  SMP**, 
471-472 
Duffing  software,  148 
DuPuy,  David  L. 
"Computer  Interface  for  Measure- 
ment of  Coefficient  of  Linear 
Expansion",  231 
DVI,  s^t  Digital  Video  Interactive 
Dykla,  John  J. 
**Star  Cluster  Dynamics  Simulation 
with  Daric  Matter,  153-154 
Dykstra,  Dewey Jr. 

**Wondering  about  Physics. .  .Using 
Computers  and  Spread* 
sheets..;*,  362-375 
"Wondering  about  Physics. .  .Using 
Spreadsheets  to  Find  Out**, 
412^13 
Dynabook  lessons,  60 
"Dynamic  Analyzer*",  476-477 
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dynamometer  experiments, 

225-226 
"Early  Experiences  with  Physics 

Simulations  in  the  Classroom**, 

77-83 
earthquake  waves 
computer  programs,  96 
Eberfeld,  John 

"Computer  Analysis  of  Physics  Lab 

Data",  245-246 
education 

MBL  tools,  223 
needs  and  prospects,  94 
physics  programs,  144 
politics,  39 

software,  515-517, 519-520 
"Educational  Software:  Oil  Drop, 

Schrodingcr  Equation,...,  130-131 
"Educational  Software  for  Under- 

graduate  Astronomy**,  154-155 
Educational  Testing  Service 

Pascal  use,  51 
EDUCOM/NCRIPTAL  award 

Standing  Waves  Program,  1 1 
EduTcch 

Data  Analysis  software,  246 
"£duTech*s  Interface  Kit**,  233-234 
effectiveness  of  CAI,  317 
Efield  software 

elecuic  fields  simulation,  144 
Einstein  demonstration,  79 
Elbcrfeld,  John 

"A  Gentle  InU'oduciion  to  Apple 
Game-Port  Interfacing**,  234 

"Educational  Software:  Oil  Drop, 
Schrodinger  Equa- 
tion 130-131 

"EduTech*s  Interface  Kit**, 
233-234 

elecuic  circuit  problems  tutor,  266 
"Elecuic  Field  Lines  Simulation  Lab**, 
132-133 

Electric  Field  Lines  Simulation  Lab 

software,  132 
electric  field  plots 

simulation  using  Logo,  470f 
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Electric  FieUL  software.  201 
electricity  program 

software,  431-432 
electromagnetic  radiation  program 

computers,  108 
electroinagnetism  for  simulations. 

79-«0 
electron  density 

approximation  program,  402-404 

dispUy,21Sf 
electron  motion 

program  possibility.  98 
Electron  Wave  software  ani  nions, 

95 

Electron  Waves  software,  120 
electronic  mail.  508-509 
electronic  spreadsheets,  see  spread- 
sheets 

"Electronic  Textbook:  A  Model  CAI 

System^427 
electronics  techniques 

experimental  physics.  229 
electrons  in  metals 

introductory  course.  4 1 
elementary  electricity  course 

HL  ATO  system  use.  488 
elementary  magnitism  course 

PLATO  system  use.  488 
elementary  mechanics  course 

PLATO  system,  486-4b7 
elementary  particles 

program  po&>ibilit^ .  99 
elementary  physics 

Physics  Simulations,  V 
elementary  students  scicntinc  experi- 
ence. 168 
elementary  themiodynamics  course 

PLATO  system  use.  488 
Elements  of  Picture  Processing 

experiment,  238 
Elfield  BASIC  program.  1 1 8 
elliptic  waves  animation 

computer  programs.  96 
EfmUsee  electronic  mail 
Enger.RolfC. 

"Microcomputer-Delivered  Home- 
O  work^425-326 
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"Teaching  Physics  with  the  Aid  of 
a  Local  Area  Network". 
508-509 
EPSON  FX  grapi.::s  printer.  149 
equation  solvers 

software.  477-478 
equilibration  speed  for  simulations. 
136 

error  propagation  in  laboratory,  373 
ESC140/VT100/Tektronix  computers. 
101 

ESE.  see  Exploring  System  Earth 

Consortium 
Ettcstad.David  J. 

"VideoGraph:  A  New  Way  to 
Study  Kinematics".  244-245 
Eureka 

equation  solver  software.  478-479 
Evans.  J.C. 

"bducational  Software  for  Under- 
graduate Asu-onomy",  154-155 

Excel 

program  graphics.  482 
spreadsheet  for  Macintosh. 
365-366 
Excheck  software.  318 
experimental  physics 
computer  enhanccn:cnt.  203 
experimental  procedures.  201 
experiments 

U.S.  Naval  Academy  physics 

laboratories.  198-199 
for  undergraduates  in  experimental 
physics.  204-213 
"Exploring  Nonlinear 

Dynamics.. .with  Graphics  Anima- 
uon".  14^-150 
Exploring  5>^.)tem  Earth  Consortium 
ciassr^  a  learning  projects. 
432^33 

Exxon  Education  Foundation  research 
funding.  114 

falling  in  air 

spreadsheet  use 
investigation  approach.  372 
single-answer  approach.  372 
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Faraday^s  Law 

circuit  diagram,  21  If 

expcrimmu  211-213 

voltage    time,  212f 

voltage  vs.  velocity,  21 2f 
fast  Fourier  transform 

optica'  spectroscopy  experiment, 
204-205 

white-li^t  spectrum,  206f 
fast  Fourier  transforms 

sound  analysis  experiments,  236 
Fast  Graph  software,  201 
Fcclier»  Gary  M. 

"Interactive  Physic?  Problems  for 
the  Microcomputer",  463-46f 
FekUcer,  Patd 

**Online  Computer  Testing  with 
Networiced  Apple  II 

Microcomputers'*,  5i:>-5 1 1 
Fermat  program  module  software,  1 28 
Fermat's  Principle,  124 

computer  programs,  96 
Fermi  software,  269 
Fcrmilab  Experiment  E710, 216 
FFT  routines  software,  236 
finite  diflerence  grid,  350f 
FIPSE,  see  Fund  for  the  Imp:  mcnt 

of  Post-Seconary  Education 
Fischer,  C.W. 

**IE£E-488  Interface  for  a  Voltage 
Power  Source.. .MBL",  246-248 
**F«vc  Years  of  Using 

Microcompi»t<jrs...at  U.S.  Naval 

Academy",  197 -2C^ 
Flip  mode 

Workbench,  149 
Florida  State  University 

computers  in  physics  labs,  2S2 
fluid  flow  display 

computer  programs,  98 
forcemeter,  see  dynamometer 

formal  lectures  eliminated,  24 
format  and  simulations,  78 
"FORTH  in  the  Laboratory",  468-469 
FORTH  language 

at  Gettysburg  College,  468-469 

FORTRAN  77  software,  399 


FORTRAN 

in  computational  physics,  380 
FORTRAN 

computer  language,  I4S,  247 
RDRTRAN 

cT  as  interface,  450 

for  scientiflc  computation,  332 
four-dimensional  rotations  display 

computer  programs,  97 
Fourier  analysis 

sounO  simulations,  172f,  173f 
Fourier  BASIC  program,  1 1 8-1 1  ^ 
Fourier  transform  display 

computer  programs,  97 
Fourier  transform  simulation,  80 
Fox,  Geoffrey  C. 

''Concurrent  Siq)ercomputcrs  in 
Science",  346-361 
Fox,  icffrcy  R. 

"Microcomputer  Simulations  in 
Statistical  Physics",  136-137 

Franklin  and  Marshall  College 
Visual  Appearance,  software  use, 
141 

FrauTihofcr  diffraction 

computer  demonstration,  437 
free-body  force  diagrams 

expression  dilficuliies,  306 
frcc-fail  resistance  formulas,  83-84 
Frcsnel  diflraction 

computer  dcmonsuation,  437 
frictional  force  understanding 
expression  difficulties,  30S 
Fuller,  Roberta 

"HyperCard  an  Physics",  457-458 
"The  Personal  Computer  Impact  on 
Physics  Education  at  USAF 
Academy",  499-501 
"Using  Videodiscs  Intemrtively 

mihHyperCar4\  535 
"Wondering  about  Physics..  .Using 
Spreadsheets  to  Find  Out", 
412-413 
functional  dependencies 

exploration  of  relationships,  466 
Fund  for  the  Improvement  of  Post- 
Secondary  Education,  4 
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at  Dickinson  College,  S-6 

GaDUe,Uri 

**Softwaie  Packages  for  High 
School  Optfcs-,  123-125 
Gaidiier^JohnW. 

**Density  of  Orbitals:  A  Tutorial", 
42^30 
gas  simulatioD,  80 
Gaussiau  quantum  wave  packet 

evolution,  334f 
gedanken  experiment 

CAI.  311-313 
Geiger-counter  interface  circuit 

diagram»207f 
general  relativistic  phenomenotegy 

introductory  course,  42 
general  relativity  L.amation 

computer  pipgrams,  97 
general  science  a:  Universitv  of 

Southern  California,  1  \l 
general-skills  proflles, 
gentility 

q)readsheetuse,  366 
geometrical  qHics 

law  of  reflection,  123-124 

software,  123-125 
geophysk:s 

hypetcubeuse,  358 
geosatellite  projects 

KEPLER  software,  ol 
Gettysburg  College 

FORTH  language  use.  468-469 
Ginzburg  superconductor  model,  81 
Gie&son»  Edward 

*'VkleoGraph:  A  New  Way  to 
"ludy  HicmaticG",  244-245 
Goodman»Joel 

"Simulation  of  a  Rigid  Pendulum*", 
114-115 

'Teaching  High  School  Students  to 
Write  Physics  Simulations", 
110-111 
Goodman,  Jordan  A. 

"Online  Data  Analysis:  Smart  PC 
Wcwk  Stations",  213-218 


Good,R.R 

"Apple  Simulations",  107-109 
G-Ale-WallaccUsa 

XAI:  Supplementing  the  Nonca!- 
cuius  bitroductory  Course", 
423-424 
graduate  laboratory  courses 

computerized  experiments, 
238-239 
graduates 

industrial  research  needs,  57 
graph^totting 

SuperCak3  and  SuperCalc4^ 
407-408 
Graphical  j\nafysis  softwai^e,  236, 

249^250 
gr^k:s 

£jccW  program,  <32 

experimental  phenomena,  437 

interface  programs,  476-477 

motion  representation  difficult,  428 

MUPgraphitsc,A6l 

|Aysk:s  curriculum,  52-53 

physics  demonstrations  problems, 
540-541 

K-ATO  system,  487 

and  simulations,  78 

software,  260-261 

using  cT,  446 
"Graphics  and  Screen-Input  Tools  for 

Physics  Students",  456-457 
graphs 

by  students,  285f 

Curvefit  software,  475 
Graphs  and  Tracks  aoftware,  260-261 
graphs  to  motion 

student  experiments,  285-286 
"Graphs  and  Tracks",  1 15-1 16 
Graphs  and  Tracks  simulations,  243 
Graphs  and  Tracks  software, 

115-116. 144.269,282-289 

design.  288 

integration  into  curriculum. 
288-289 
gravitational  dynamics 
dark  matter.  153 


Index  559 


gravitational  and  ineitial  mass 
distinctions 

expression  difficulties,  30S 
Great  Britain 

computer  simulations,  1 12 
Green's  function  simulation 

program  possibility,  98 
Griffin,  C  Rank 

Tutorials  on  Motion**,  4 17-423, 
428-429 
G^OW/fiDEV  software,  1S2 

Hak,  Edward  B. 

Thysics  Computer  Learning 
Center  at  the  University  of 
Missouri-RoiJa",  501-503 
half-life  of  Ba(l?7),208f 
hanging  diain  oscillation 
program  possibility,  98 
hardware 

21X  battery-i4)erated  logger, 

248-249 
at  Ithaca  College,  232 
CAMAC,214 

for  data  collection  projects.  247 
general  purpose,  159-163 
MUX,  247 

for  optical  videodiscs,  529-532 
required  for  videodiscs,  535 
requirements  for  QuickBASIC,  146 
VS.  Naval  Academy  physics 
.  laboratories,  198 
Harmonic  Motion  Workshop  software, 
441 

Harvard  University 

Visual  Appearance  software  use, 
14i 

HAT,  see  Hierarchical  Analysis  Tool 
Hatiteid';f^G. 

^Measttitment  of  the  Tension  in  a 

String",  225-226 
*The  Tension  in  the  String  of  z 
Simple  Pendulum".  226-227 
Heat  capacity  Measurtiu  jnt  experi- 
ment, 238-239 
Heath/Zenith  Z- 100  computers, 
121-122 


Hellemans,  J. 

"Measurement  of  the  Tension  in  r 

String",  225-226 
'The  Tension  in  the  String  of  a 
Simple  Pendulum",  226-227 
help  branches 

hypermedia  lessons,  64 
HeNe  laser 

fast  Fourier  transform,  205f 
Hq)t,  George  B. 

**The  Personal  Computer  Impact  on 
Physics  Education  at  USAF 
Academy",  499-501 
Hierarchical  Analysis  Toot  software, 
264 

high-data  background 

plications,  49(M91 
high-energy  physics 

hypercube  use,  358 
high-gain  Hall  EfTect  amplifer,  190f 
high-resdution  micioconiputers 

compared,  106 
high-resdution  ^)ectroscq)y 

experiment,  208-213 
histogram  of  radioactive  decay,  387f 
Holcomb,  D  J. 

"Cbntemporary  Physics  in  the 
Introductory  Cburse",  40-44 
Holmes,  Johnny  B. 

'"Electric  Field  Lines  Simulation 
Ub",  132-133 
holograms 

compn^^  programs,  96 
homewc    <arror  rates,  182f,  183 
Hooks,  Todd  A. 

"Cbmputer  Intcface  for  Measure- 
ment of  Coefficient  of  Linear 
Expansion",  231 
Huggins,  ElishaR. 

•'The  Macintosh  Oscilloscope", 
169-176 
human  tutors  vs.  computer  tutors, 

299-300 

Huygens  Program  module  software, 

128 
hydrogen 

plots  simulation,  80 
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Hydrogen  Aiomsc^twBr^,  143 
Hydrogen  program,  81f 
"HypciCard  an  Physics".  457-458 
^HyperCard  environment 

for  physics  teachers,  481^82 
HyperCard  software  for  Macintosh, 

532,535 
hypcrcube,  347-353, 354f 

used  in  geophysics.  358 

used  in  high-energy  physics,  358 
hypermedia,  60-61 

buttons,  62f 

development,  63-64 

help  branches,  64 

prerequisite  mzp,  65-66 

printed  distribution  methods,  66 
hypertext  format 

software,  532 
hypothetico-deductive  reasoning 

expression  difficulties,  307 

IBM  compatible  conputers,  1 1 1 
at  Sweet  Briar  College,  503-505 

IBM  computers 
MIT  Ptoject  Athena  funding,  9-1 1 
TUDOR  compatibility,  489 

IBM  PC  computers 

Animated  Waves  mid  F articles,  1 2 1 
at  niysics  Computer  Learning 

Ceuier,  Mo.,  501 
forCAI,430 

Dynamic  Analyzer  iMt)gram, 
476-477 

FORTH  language  iise.  468-469 

optics  program,  125 

q>tics  software,  123 

PPP  courseware  use,  142-143 
IBM  PC-compatible  compute:.:; 

physics  interactive  courseware 
devek^>ment,  463-464 

use  in  physics  labs,  252 
IBM  PC/2  compute 

adsqHation,  155 
IBM  PC/AT  computers 

used  in  optics  course,  437-438 


IBM  PC/AT/(PC/2)  computers,  100 
IBM  PC/XT/AT  computers,  149 
IBM  PS/2  computers 

TUDOR  compaubility,  489 

using  cT,  445 
iBMRT  PC  computers 

u$ii\gcT,44S 
IBM  XT  computers,  127 

at  Physics  Computer  Learning 
Center,  Mo.,  501 
IBM-3084  computers,  100 
IBM-3090  computers,  100 
ICAI,  see  intelligent  computer- 
assisted  instruction,  319-320 
idea  dcvelq)m>..it,  97-99 
IEEE-488  interface 

used  with  ASy^r,  251 
"IEEE-488  Interface  for  a  Voltage 

Power  Soiuce  and  an  Analog 

Multiplex  Unitin...MBL-,  246-248 
"ILS/2:  .An  Interactive  Learning 

System",  454-456 
"Impact  of  the  Computer  on  the 

Physics  Curriculum*',  15-22 
Impulse  Experiment  softwj^re,  201 
impulse  measurement,  ly4f 
individualization  of  CAI,  316-321 
individuali^adon  necessity,  317-3 18 
industrial  research 

graduates  need  more  skills,  57 
industry 

skills  needed,  57-58 
information  exchange 

computer  conferencing,  492-499 
input  analysis  and  commuiiication 

problems,  516 
instiurtion  ?r\d  large-problem  shuls 

physicist  skills,  17 
"Instructional  Scripts  with  SMP", 

471-472 
instructional  software 

qubzes,  421-422 
Instructional  Software  for  University 

Physics  software,  441 
instructional  strategies,  297-298 
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development  and  testing,  261-265 
''InleUigen:  Computer  Simulations  in 

the  Classroom.. 432-433 
Inielligent  Tutoring  Systems  software, 

294-295 
interaction  quality,  35 
interactive  education 

with  videodiscs,  533-534 
intcsactive  graphics 

Spacetime  Software,  140 
""interactive  Inquiry  with  TK  Solver 

Hus  Software...",  465-466 
""Interactive  Laser  VideodLc*', 

536-540 
""Interactive  Optics  Software  for  the 

General  SuKtent**,  125-127 
""Interactive  Physics  Problems  for  the 

Mkrocomputer"*,  163-464 
interactive  programs 

by  skilled  programmers,  445 

development  process,  5 1 7 

many  controls,  517 
interactive  video,  524 

Icvds,  5291 
interactivity 

displays  as  \isual  medium,  516 
imerface 

Dynamic  Analyzer  pn^^^pm, 
476-477 

e3q)eriments  using  FORTH,  468 

IEEE-488 

used  wilh/4SySr,  251 
Interface  Kh 

Apple  n  computer  iise,  233 

EduTech,  233-234 

LASER  128  printer  compatibility 
234 

""Interfacing  Physics  Experiments  to  a 

Personal  Computer",  235 
**Irterference  Phenomena  Using 

Spreadsheet  Proga  ns**,  409-4 1 2 
interrerogram 

white-light  spectrum  206f 
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International  Business  Machines,  see 
IBM 

International  Conference  of 
Physics  Education 
Hungary,  147 

""Introducing  Computation  to  Physics 

Students",  375-381 
introductory  physics  course 

and  computers,  45 

topic  selection,  44-45 
*"In^X)ductory  Physics  Videodisc 

Lesson  Guide",  533-534 
Introductory  University  Physics 

Project,  40-41, 43 
introductory  physics  course 

student,  251 
intuition 

physics  students,  46 
""Intuition  Building  Tool  Kits  for 

Physical  Systems",  462-463 
investigation  sfipoach 

Doppler  shift  si^Tcadsheet,  371-372 

fall  with  drag  foire  spreadsheet, 
373f 

falling  in 

spreadsheet  use,  372 

relativistic  electronics  in  linear 
accelerator 

^)readshect  use,  369-371 
simple  harmonic  motion 
^)readsheet  use,  368, 369f 
Ising  model  simulation,  136 
Ithaca  College 

NSF  grants  for  summer  workshops, 
507 

parallel  data  collector,  231-232 
ITS,  see  Intelligent  Tutoring  Systems 
lUPP,  see  Introductory  University 

Physics  Project 

Jain,  Duli  C. 

""Elec.tonic  Textbook:  A  Model 
CAI  Systni",427 
Jet  Propulsion  Laboratory 

space  i^cience,  358-359 
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Johnson,  K&isn  L. 

^'Problem  Solving,  Pedagogy,  and 
CDC  Physics",  70-74 
Jones,  Randall  S. 
''Srooodi  Animation  on  the  IBM 
PC  for  Lectures...",  540-541 
JPL,  5tf^  Jel  Plopulsion  Laboratory 

Kaleidoscope  software,  126 
Kane,  Dennis  J. 
''^Jldications  of  New  Tech.. .for 
Large-Scale  Computer-Based 
Physics...-,  485-492 
Karlow.EdwinA. 
^'Design,  Implementation,  and 
Perfonnance. . .  for  General 
Physics\  218-220 
Kar5hner,Gary 
•TORTH  in  the  Laboratory", 
468^9 
Kelly,  Done. 
••S AKDAC-Based  Physics  in 
Introductory  Labs  at  F'^an. 
University**,  222 
Kelly,  Stewart  A. 

AKDAC-Based  Physics  in 
Introductory  Labs  at  Miami 
Univcrsify",  222 
Kqrier  simulation,  79 
^£PI£ft  software 

for  geosatellite  projects,  461 
Kids  Network  project,  167 
KimeU  J.D. 
''Micn)computer-Based  Integrated 
Statistics,. . .  for  Physics  Labora- 
tories", 251-253 
Kinderman,  Jesusa  V. 
"A  Computing  Laboratory  for 
Introductory  Quantum  Niechan- 
ics",  406-407 
kinematics 
lid)oratory  curriculum,  180-181 
learning  difficulties,  4 1 7 
student  understanding,  181-183 
tutor  f'>r  problems,  265 


University  of  Oregon  results, 
183-187 
"Kinesthetic  Experience  and 
Computers. .  .Laboratories, 
32^325 
kinetic  theory  animations 
computer  piDgrams,  96 
Koonin,  Steven  E. 
course  devek)pment,  6-7 
Teaching  Computational  Physics**, 
329-337 
Kozma,  Robert  B. 

'^Students'  Construction  of  Concept 
Maps  Using  Learning  Tool**, 
325-326 
'The  Evaluation  of  Educational 
Software:  The  EDUCOM/ 
NCRIPTAL...",  517-519 
Kremser,  Tliurman  R. 
'The  Use  of  an  Elec^^onic  Spread- 
sheet in  Physks*',  407-408 
Krieger,  Martin  H. 

"Simulation  Laboratory  for  General 
Education  in  NaUiral  Science**, 
112-114 
Kruse,  Ulrich  E. 

"Computer  Demonstrations  for 
Optics**,  437-438 

LabNet  program  proposed,  168 

''Laboratories  in  Sound  /  ^''lysis 
Using  Fast  Fourier  Transforms**, 
236-237 

laboratory 

interface  design,  159-160 
microcomputer-based  loob,  27 
pedagogical  successes,  187-189 
process  studied  at  University  of 
Missouri-Rolla,  228 

LAN,  see  Local  Area  Network 

Lane,  Eric  T, 

"Animated  Waves  and  Particles", 

119-120 
"Animation  on  the  IBM  PC**,  121 
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"Animation  in  Physics  Teaching**, 
93-99 

physics  soflware  development, 
11-13 

"Software  Prepararon  Workshop**, 
515 

"Spectiuin  Calculator  Results  from 
Student  Use",  137->138 
Lrplace  calculaiions,  79 
Larson,  Lee  E. 

**Uppci -Level  Experimental 
Physics**.  203-213 
LASER  128iMinter 

Interface  Kit  compatibility,  234 
laser  videodiscs 

storage  capacity,  S3S 
LaserDisc,  see  optical  videodisc 
LaserVision,  523 
LaserVision  discs 
availability,  537 
lattice-gas  model  simulation,  136-137 
lawofreflecticHi 

geometrical  optics,  123-124 
Laws,Priscilla  W. 

"Coupling  Numerical  Integration 

with  Real  Experience**,  242 
"Coupling  Simulations  with  Real 

Experience**,  243 
intnxluctory  physics  course,  5-6 
"Linearization  of  Real  Data**,  241 
"Popcorn,  Nuclear  Decay,  and 
Counting  Statistics  Using  an 
MBL**,  234-240 
"Visual  Photogaie  Timing  and 
Graphical  Data  Analysis**, 
240-241 
"Wort^hop  Physics:  Replacing 
Lectures  with  Real  Experience", 
22-32 
laws  of  life 

Conway  automation,  87 
LCD,  jf^  liquid  crystal  display 
leamer-controlled  laboratory,  223-224 
learning 

difficulties  in  kinematics,  417 


objectives 

justify  computer  u«e,  364 
problems,  32-33,37-38 
process  and  computers,  325-326 
retention  by  students  and  comput- 
ers, 268 

"Learning  Physics  Concepts  with 
Microcomputer-Based  Laborato- 
ries**, 223-224 

learning  skills,  15-16 
media  lessons,  60 
professional,  58 

"Learning  to  Use  the  cT  Language", 
453-454 

Learning  Tool  software  for  Macintosh, 

3/5-326 
least-sqaues  fitting 

computer  use,  336-337 
lecture  as  learning  tool,  58-59 
LEGO  TC  program,  471 
Lehtihet,  Halim 

"Chaotic  Dynamics:  An  Instruc- 
tional Model**,  146^148 
Lenses  program  module  software,  128 
Leo  Schubert  Award  for  Teaching 

Redish  as  awardee,  4 
^**^n  options,  63 
Lewis,  JE. 

"Computer  Simulation  of  the 
Scauering  of  a  Wave  Packet 
from  a  Potential",  138-140 
library  data  flies 

command  line  interface,  139 

using  cT,  449 

Woricbench,  139 
library  modules 

for/LS/2, 455 
linear  expansion 

copper  exo^wrimcnis,  23 1 
Linear  Optics  software,  143 
linear  phenomena 

quantum  physics,  146 
linear  relationships 
expression  difficulties,  304 
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linearization 

^Hfeadsheets  and  graphics,  25-26 
^'Linearization  of  Real  Data",  241 
liquid  crystal  di^Iay 

projection  systems  for  teaching 
physics,  S41 

USP 

cT  as  interface,  450 
Lissajous  figures  aniniation 

compuisr  programs,  96 
Local  Area  Network 

installed  at  US AF  Academy, 
5(»-509 
logger 

21X  battery-operated,  248-249 
"Logo  in  the  Physics  Classroom", 

469-471 
Logo  software,  469-471 
Lorentz-contraction  spreadsheet 
single-answer  ^roach,  370f 
L(xenzen,GaryL. 

"Microcomputer-Delivered 
Homcworic",  425-426 
Lorincz.GyulaJ. 

"Curvefit;  An  Interactive  Graphing 
and  Data-Analysis  Piogram...**, 
475 

Los  Alamos,  N.M. 

Cygnus  experiment,  214-215 
Lotus  1-2-3 

q)readsheet  for  MS  DOS,  365 
Lotus  1-2-3  software,  122 

at  U.S.  Air  Force  Academy,  500 
Lough,  Tom 

"Logo  in  the  Physics  Classroom", 
469-471 
Luetzelschwab,  John 

"Coupling  Numerical  Integration 

with  Real  Experience",  242 
"Linearization  of  Real  Data",  24 1 
"Popcorn,  Nuclear  Decay,  and 
Counting  Statistics  Using  an 
MBL-.  239-240 
"Visual  Photogate  'il'ning  and 
Gn^ical  Data  Analysis**, 
240-241 
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Lupton  Foundation 

help  with  Standing  Waves,  12 
LV,  see  LaserVision 
Lyke,  Daniel  B. 

"Animation  on  the  IBM  PC",  121 

M.UJ>.P£.T.,  see  Maryland  Univer- 
sity Physics  in  Educational 
Technology 
McDermott,  Lillian  C. 
"Cbmputers  and  Research  in 
Physics  Education",  257-282 
MacDonald,  W. 
"Graphics  and  Screen*Input  Tools 
for  Physics  Students**,  456-457 
MacDonald,  )^ :   un  M. 
"Physics  Majors  as  Research 
Scientists...",  459-462 
MacFORTRAN  computer  language, 
475 

Macintosh  computers,  lOS-1 10, 243 
at  Drexel  University  Pa.,  109-1 10 
at  Sweet  Briar  College,  503-505 
CD  ROM  availability,  525 
diffusion-limited  aggregation 

program,  152 
int^ctive  graphing,  475 
sound  simulations,  169-170 
spreadsheet  use,  365 
TUDOR  compatibility,  489 
in  Workshop  Physics  Project. 
239-240 

"Macintosh  Demonstrations  for 
Introductory  Physics**,  109-1 10 

Macintosh  HyperCard  software,  532. 
535 

Macintosh  II  computers 

desk*top  video  software,  531-532 
Macintosh  Plus  computers 

with  experimental  physics,  229 
Mclntyre,  John  P. 

"Pascal  Programming  Templates**. 
466-468 
MacPascal  software,  1 10 

MacScope  file 
sound  simulations,  170 
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magnetic  fields  measurement 

computer  use,  189-190 
magnetism  {Mogram 

software.  431-432 
Magneto-Optical  Erasable  Compact 

Discs 

storage  capability,  525-526 
Mahoney,  Joyce 

"CAI:  Supplementing  the  Noncal- 
culus  Introductory  Course"", 
423-424 
Makewave  software,  1 39 
"Making  Waves:  Software  for 
Studying  Wave  Phenomena", 
129-130 

Making  Wcrve^  software,  129-130 
Mars  Rover 

Jet  Propulsion  Laboratory  project, 
358-359 
Marx,  George 

"CeUular  Automata",  83-93 
Maryland  University 

M.UP.P.E.T.  iwoject,  /t56-457 
Maryland  Univ^ty  Physics  in 

Educational  Technology,  3-5 
Maryland  University  Project  in 

Physics  and  Educational  Technol- 
ogy, 456-457 
Massachusetts  Institute  of  Technology 

Visual  Appearance  software  use, 
141 

Massachusetts  Institute  of  Technology 

Plroject  Athena,  9-11 
massless  strings  understanding 

expression  difficulties,  306 
••MaihCAD  in  the  Modem  Wiysics 

Course",  480 
MathCAD  software 

at  Physics  Computer  Learning 
Cento-,  Mo.,  502 
MathCAD  software 
e<|uation  solver  software,  478-480 
Mathematica  program  language, 

338-346 

compared  to  C  or  Pascal.  342 
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user  interaction,  345 
mathematical  curriculum 
physics  students,  46-47 

mathematical  physics 

at  Miami  University,  398 
"Mathematics  by  Computer",  338-346 
Mathews,  Kirk  A. 

"IntCTaclive  Inquiry  with  TK  Solver 
Plus  Software..,",  465-466 
Maxwell's  Demon  simulation 

computers,  108 
Maxwell's  equations 

program  possibility,  98 
MBL,  see  microcomputers 

laboratory  tools 
MDB,  see  multibranch  driver 
MDP,  see  Microcomputer-Delivered 

Problem 

"Measurement  of  the  Tension  in  a 

String",  225-226 
mechanics 

experiments,  225-227 

for  simulations,  78-79 
Mechanics  software  for  C AI,  43 1 
media 

constraints  forCAI,  318 

for  learning,  362 

lessons  as  learning  tool,  60 

principle  for  education,  313-314 
media— media  confounding,  315 
media— method  confounding, 

314-315 
Membrane  excitation  propagation 

software,  142-143 
method  and  conter.t  constraints  for 

CAI,318-3i: 
Miami  University,  Ohio,  222 

mathematical  physics,  398 
''Microcomputer  Simulations  in 

Statistical  Physics",  136-137 
"Microcomputer  Tools  for  Chaos", 

145-146 

"Microcomputer-Based  Integrated 
Statistics,.. .for  Physics  Laborato- 
ries", 251-253 
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'Microcomputer-Based  Laboratories 
in  Introductory  Physics  Courses**, 
220-221 

microcomputer-based  laboratory 

instniclion,  261-262 

"Microcomputer-Based  Logger". 
248-^249 

"Microcomputer-Delivered  Home- 
work-, 425^26 
Microcomputer-Delivered  Problem 

software,  425-426 
microcomputers 

animated  simulations,  93 
as  flexible  tool,  24-25 
Iab(Mratory,  7-9 

Classroom  Computer  Learning 

award,  8 
for  general  physics,  218-220 
hardware,  159-162, 164-165 
tools,  27,177-189 
Microsoft  BASIC 

diffusion-limited  aggregation 
program,  152 
Microsoft  FORTRAN  77, 2i4 
Microsoft  QuickBASIC  software,  232 
Microsoft  Works  software,  239-240, 
242 

MicroTutor  language 

developed  at  Computer-based 
Education  Research  Laboratory, 
451 

Milier,  Bruce  N. 

"Chaotic  Dynamics:  An  Instnic- 
uonal  Moder,  146-148 
Miller,  Irvin  A. 

"Macintosh  Demonstrations  for 
Introductory  Kiysics",  109-1 10 
Milne  software,  143 
mirrors 

computo*  programs,  123-124 
Misner,  Charles  W. 

"Spreadsheets  in  Research  and 
InstrucUon"  382-398 
MIT,  see  Massachusetts  Institute  of 
Technology 


Model  33  Teletype  computer,  169 
"Modeling  of  Physics  Systems: 

Examples  Using  Physics  and 

Auto.. .Collisions''...",  433^34 
modem  physics,  80-81 
Modwave  software,  139 
molecule  size  simulation,  !3l 
monopole  simulation,  80 
Montana  State  University 

United  States  Energy  Simulator 
software,  133-134 
More  Able  scrftware,  269 
Morgan  State  University 

Apple  computer  use,  458 

calculus-based  CAI  program 
development,  458 
Motion:  A  Microcomputer-Based  Lab 

software,  440-441 
motion 

detectors 

TCRC,  220-221 

student-generated  graphs,  272-274 

to  grs^hs 

student  experiments,  286-288 

tutorials,  428-429 
motivation 

technological  and  scientific, 
? 17-351 

moving  objects  simulations,  269-272 
MS  DOS 

spreadsheet  use,  365 
MS  QuickBASIC  software,  155 
MSUuUl 

utility  template,  467-468 
Muir,  Robert  B. 

"A  Summer  Institute  on 

Electronics. . .for  High  School 
Science  Teachers",  505-507 
Afu//i  software,  213 
Multi'Cf  innel  Read/Plot/Store 

software,  201 
Multi'Channel  Voltammeter  software. 

201 

multibranch  driver  interface,  214 
multicourse  menu.  376-378 
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multislit  interference 

computer  programs,  96 
MUPgraph 

used  in  graphics,  461 
MUX  hardware,  247 

NASA  Goddard  Space  Flight  Center, 
155 

National  Academy  of  Sciences 

Calculus  for  a  New  Century 
conference,  47 
National  Cditer  for  Research  to 

Improve  Postsecondary  Teaching 

and  Learning 

software,  517-519 
national  defense 

batde  simulations,  359 
National  Science  Foundation 

graii  is  to  Ithaca  College,  507 

Project  Archimedes,  505-506 

Inject  funding,  55 
National  Science  Foundation  centers, 

346 

National  Science  Foundation  College 
Scientiflc  Instrumentation  funding, 
125-126 

National  Science  Teacher's  Associa- 
tion,  33 

natural  scales  and  estimation  skills 

physicist  skills,  16 
Nave,  Carl  R. 

"Cbmputer  Desk-Top  Management 

fw  the  Physics  Teacher", 

481-482 
"HyperCard  an  Physics",  457-458 
"Laboratories  in  Sound  Analysis 

Using  Fast  Fourier  Transforms", 

236-237 

NCRIPTAL,  see  National  Center  for 
Research  to  Improve  Postsecondary 
Teaching  and  Learning 
NEC-APC  compute,  100 
NEC-APCra  computers,  100-101, 
104 

networic  cost  effectiveness,  489-490 
networking  and  workshops 
computers,  485-5 11 


networks 

BITNET,217 

DECNET  link,  216 
new  course  framework,  42>44 
Newtonian  cosnnology 

introductory  course,  42 
nonlinear  elliptic  equations 

problem-solving,  333-336 
Nordling,  David  A. 

"Five  Years  of  Using 

Microcomputers... at  U.S.  Naval 
Academy-,  197-203 
North  Carolina  Slate  University 

CDC  software  use,  72 

computer  lessons  in  physics,  423 
Novak,  Robert 

"Interference  Phenomena  Using 
Spreadsheet  Programs", 
409^12 
NovaNET  system 

cost  effectiveness,  489 

improved  PLATO  system  use, 
485-592 
nuclear  physics 

introductory  course,  41 
nuclear  reactions 

program  possibility,  99 
number  awareness 

physicist  skills,  16 
numerical  methods 

physics  curriculum,  50 
numerical  skills 

physicist  skills,  17 

physics  students,  46 
"Numerical  Solution  of  Poisson's 

Equation  with  Applications..." 

404-405 
numerical  solutions 

for  Bessel  function 
Mathematica  program,  339f, 
340f 

observable  phenomena,  24 
0"Connor,  Chris  E. 

"Interactive  Physics  Problems  for 
the  Microcomputer",  463-464 
Ode  software 
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for  differential  equations,  480-481 
Ohio  State  University 

computers  in  physics  education, 
224-225 
Oil  Drop  simulation,  131 
"Online  Computer  Testing  with 

Networked  Apple  II  Microcompu- 

tcrs^  510-511 
"Online  Data  Analysis:  Smart  PC 

WwkStations-,  213-218 
online  reference  manual,  449f 
Optical  Illusions  sohv/dxc,  126 
optical  videodisc  (LaserDisc), 

528-529 
optics 

experiments,  253-254 

software  use,  424 
Orbit  BASIC  program,  1 18 
Orbit  mode 

Workbench,  149 
orbital  motion  simulation 

computers,  117 
ORBITS  software 
simulations,  461 
orthogonal  functions  di^^lay 
computer  programs,  97 
Oscillator  program,  79f 
oscillator  simulation,  78 
OSCILLATOR  software,  461 
oscilloscopes 

fmger  snap  sound,  17 If 

sound  simulation,  169-176 

thermocouple,  172f 

Palette  soft.vare,  122 
parallel  comnutcrs 

performance,  348f,  351-355 

vision  studies,  357 
parallel  data  collector 

Ithaca  College,  231-232 
parallel  pnx^ssiiio.  347 

simulations,  92 
parity  of  media,  31i-316 
Park,  John  C. 

*The  Effects  of  Microcompulcr- 
Q        Based  Lab. .  .Refraction  of 
ERiC      Light,  32^^323 
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Parker,  G.W. 

"Demonstration  of  Diffusion- 
Limited  Aggregation  and  Eden 
Growth...,  152-153 

''Numerical  Solution  of  Poisson*s 
Equation  with  Applications...*", 
404-405 

"Solution  of  the  Thomas-Fermi 
Equation  for  Molecules...**, 
402r404 

partial  differential  equation  software, 

134-135 
Participate  software,  494 
particle  animations 

computer  use,  95-96 
Particle  Motion  software,  120 
particle  physics 

introductory  course,  41 
pirticle  scattering  animation 

computer  programs,  98 
Pascal  computer  language,  247 

in  computational  physics,  380 

used  at  Reed  College  Ore.,  52 
"Pascal  Programming  Templates**, 

466^68 
PDC,  see  parallel  data  collector 
PDE,  see  partial  differential  equation 
PDP  llcon:putcrs,2l3 
Pechan,  Michael  J. 

"Advanced  Electronics  with 
Physics  Applications**,  229-230 
Pcircc,  Charles  E. 

"Using  Computer  Simulations  of 
Orbital  Motion**,  117 
pendulum 

computer  program,  114-115 

differential  equation  formulae,  388f 

experiments,  225-227 
percolation 

cellular  automata,  90 
personal  sci^ce  lab  interface, 

161-162, 165f 
Peters,  Philip  B. 

"Computer  Interface  for  Measurement 
of  Coefficient  of  Linear  Expan- 
sion**. 231 
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Peterson,  R.S. 

'^Spectrum  Calculator  Remits  from 
Stu<knlUscM37-138 
PGA,  see  Professional  Graphics 

AdqMor 

phase  transition  problems,  88-89 
philosc^y  of  physics  simulations, 

77^78 
photogatc  timing 

acceleration  measurement,  29f 
physical  intuition  development 

in  physics  laboratory,  178-179 
physicist  skills,  16-17 
Physics  J  and  2  problem  solving 

program,  72-74 
physics 
computers 

tutorials,  417-434 
computations,  375-  381 
computers 

simulations,  77-1 SS 
use.  33-34 
courses 

design  at  University  of  North 

Carolina,  379-380 
requirements,  493-494 
electronic  textbook  CM  system, 
427 

interactive  courseware  develop- 
ment 

U.S.  Military  Academy, 
463-464 
introductory  course,  459-562 
LCD  use  for  teaching,  541 
lecture  demonstrations  with 

compur 's,  437-442 
PLATO  system  use,  485^86 
research 

cosmic  ray  erperiment,  238 
simulations 

curriculum.  111 

philosophy,  77-78 
replay.  I03t 

VTI  programs,  101. 104i.  105-107 

software  publishing.  515-520 
and  sports  videodiscs.  433-434 


spreadsheets 

dcvek^ment  guidelines 
374-375 
teachers 

qineadsheet  use.  412-413 
^hing  with  optical  videodiscs, 

528-530 
videodiscs 

availability.  538t-539t 

and  visualization.  523-541 
"Physics  Academic  Software:  A  New 
AIP  Project  to  Publish  Educational 
Software...".  519-520 
Physics  Academic  Software  develop- 
ment 

American  Association  of  Physics 

Teachers.  519-520 
Ameri;an  Institute  of  Physics, 

519-520 
American  Physical  Society. 
519-520 
physics  calculations 

spreadsheet  use.  366 
"Physics  Computer  Learning  Center  at 
the  University  of  Missouri-RoUa", 
501-503 
physics  education 

at  University  of  West  Florida, 

494-495 
basic  concepts.  305-308 
computer-based.  257 
computing,  programming,  coding 

differentiation.  378-379 
course  design.  379-J80 
focus.  283 
problems.  177-178 
research.  301-309 

and  computers.  257-326 
Special  Relarwity.  494-495 
underpinninc*  effects.  303-305 
using  i4SyS7  oftware.  250-251 
Physics  Education  Group 

University  of  Washington.  259. 
269. 274 
physics  laboratory 
computer  use.  159-254 
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physical  u  ndon  dcvciopmcnu 
17R-179 
PHYSCIS  program 

VPI  VAX  cluster.  100 
Physics  Program  Pool 

courseware,  142-143 
'^Physics  Simulations  for  Hi] jh- 

Resolution  Color  Mic^x:omputcrs\ 

100-107 
PLATO 

tutorial  system,  S3 
PLATO  PROJECT,  451 
K.ATO  system 

at  University  of  Illinois,  485-492 

Control  Data  Corporation,  72 

elementary  mechanics  course, 
486^87 

used  in  elementary  elecuicity 
course,  488 

used  in  elementary  magnetism 
course*  488 

used  in  elementary  thermodynam- 
ics course,  488 
plot  simulations,  343f 
Pluck  and  Bow  music  software,  144 
Point  Five 

equation  solver  software,  478 
Poisson*s  equation 

nunierical  solution  program,  404 
politics  of  education,  39 
Polynomial  Fit  software,  201 
POmilla,  Frank  R. 

"Electronic  Textbook:  A  Model 
CAI  System",  427 
"Popcorn*  Nuclear  Decay,  and 

Counting  Statistics  Using  an 

MBL"*  239-240 
potential  simulation,  78 
"Potpourri  of  Color  Gr^hics  En- 
hancements of  Classroom  Prcsenta- 

tionsM21-l23 
PowcrP^an 

q>readsheet  for  Commodore,  365 
"PPP:  A  Kiysfcs  Program  Pool  for 

Undergraduate  LevcP,  142-143 

O  r  ^  - 

EMC  '^^'0 


PPP,  see  Physics  Program  Pool 
"Practical  Advice  for  the  Creator  of 

Educational  Software**,  515-517 
Practice  Exam  software,  126 
p.e-computer  printed  versions,  62-  63 
Precession 

experiinent,  222 
Precce,  Bf  P. 

"CAI  Ow«netric  Optics  for  Prc- 
CoUege^424 

"Using  Vemier*s  Graphical 
Analysis  in  Physics  Labs**, 
249-250 
prerequisite  map 

hypermedia  lessons,  65-^ 
pressure  sensors,  194-195 
Priest,  Joseph 

"Computcr-Bascd  InstucUon  for 
University  Physics**,  430-432 

"Interfacing  Physics  Experiments 
to  a  Personal  Cbmputer**,  235 
Prism  program  module  software,  128 
"Problem  Solving,  Pedagogy,  and 

CDC  Physics**,  70-74 
problem  qwces,  292-294, 295f 
problem-solving,  265-266 

complexities,  70-71 

with  microcomputers,  71-72 

expertise,  292, 294-295 

for  PCs,  406-407 

in  physics,  425-426 

using  nonlinear  elliptic  equations, 
333-336 

using  TK  Solver  Plus.  465 
problematic  research  procedures,  362 
processes  research,  291 
processor*sroll,351f 
Professional  Graphics  Adaptor 

used  in  MIT  Project  Athena,  10 
professional  learning  skills,  58 
professional  training  skills 

lacking  in  undergraduates,  16 
pro{  im  description  for  simulations, 

78-81 

program  developments  for  computers, 
96-99 
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pfogiainining 

compired  to  computing  and 
coding,  378-379 
programming  languages,  see  computer 

linguages 
PlPOject  Aichimcdes 

NSFenmu  505-506 
Project  M.UPP£.T.,  3-5, 15 

computer  requirements,  17-18 

course,  18 

course  topics,  51 

envircmnent,  17-18 
Project  Physics  Curriculum,  527 
Piroject  Socrates  research  funding,  1 14 
projectite  motion  in  air  example, 

1N20 

projectile-motion  simulation 

stiKSent project.  111 
orotocd  studies 

expert  tutors,  298-299 
PSHELL  software,  no 
PSL,  see  personal  scienr*  lab 
PSLTo  'iir software,  163-164, 165f 
public  domain  programs 

quality,  422 
publishing  phy&tcs  software,  S1S-S20 
Pulses  on  a  String  software,  274-276 

(2  software,  213 
quantification  skills 

physics  studenfs,  45 
quantitative  momentum-impulse 

experiment,  192^194 
quantum  chemical  reactions 

simulations,  357 
quantum  concepts 

physics  curriculum,  49 
quantum  mechanics 

comnKXi  scattering  problems,  139 

computer  programs,  98 

coftware,  138 
quartUim  physics 

linear  phenomena,  146 
quantum  scattering 
computer  programs,  98 

ERIC 


Quantmn  Well  software,  144 

incT,  450 
iiuaiiro 

qxeadsheet  for  Macintosh,  365 
q)readsbeet  for  MS  DOS,  365 
QuickBASIC 
computer  language,  145 
oftare 

at  Florida  State  University,  252 
quizzes 

PLATO  system,  486^7 

radian  measure 

expression  difficulties,  304-305 
Radiation  program,  80f 
r  diation  simulation,  79 
radioactive  decay 

spreadsheet  example,  3K2-386 
Radioactivity  software,  143 
Rainbow  ray  diagranis  software,  1 26 
Ramakrishnr^t,  Prabha 

"CAI*  Supplementing  the  Noncal- 
cuius  Intnxluctory  Course**, 
^?J-424 
Rao,  Vdllabhaneni  S. 

"Microcomputer-Based  Laborato- 
ries in  Intnxluctory  Physics 
Courses-,  220-221 
Rapp!<;yea,  Annette 

'Intelligent  Computer  Simulations 
in  the  Classroom. . .  432-433 
ra  ^soning 

expression  difficulties  304 
rational  environment,  56 
Ray  Tracing  with  Lense:^ .  :^twarc, 
126 

Ray  Tracing  with  Sphtrical  Mirrors 

software,  126 
reactor  simulation 

computer  programs,  97 
real*worid  coi^plexity  problems 

physics  curriculum,  50 
REAP,  5f  f  Research  and  Engineering 

Apprenticeship  Program 
rectilinear  studies 

expression  difficulties,  306 
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Redish*  Edward  F.  (Joe) 

""Imiwct  of  the  Computer  on  the 
IliysksCivnculum^  15-22 

Pjfojcct  M-UPJi-T.,  3-5 

Reed  CoO^,  Oft. 
PMcalQse,52 

lefeteaces  on  CD  ROM,  525 

leflectioii  and  lebactkm 
compmer  programs,  % 

ReUIy*JefemiahP. 

""AuioroataontbeMac^  151 

lelativisdc  ekctioos  in  linear  accelera- 
tor 

^xtadsheet  use,  369-371 
relativastic  shapes  animation 

computer  programs,  96 
relaxation  teclmlques 

computer  programs,  98 
Remediating  Physics  Misconceptions 
Using  an  Analogy-Based  Computer 
Tutor  software,  263-264 
research 

CAI  effectiveness,  310-3 12 
complex  systems  for  physics,  329 
computers 

at  University  of  Pittsburgh,  257 
in  physics  education,  2S7-326 
as  tools,  268 
curriculum  development,  280f 
funding 

by  Exxon  Education  Founda- 
tion, 114 
Project  Socrates,  114 
future  projets,  276-279 
grants 

Redish  as  principal  investigator, 
4 

media  for  education,  311-313 
physics 

education,  301-309 
majors,  459-462 
and  math  education,  283-284 
probSem  q;iaces,  292-294 
pro^*^•JOiving,  292 
problematic  procedures,  362 
processes*  291 
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program  development  guide,  258 
questions  remain,  266-268 
q[)readdieets  use,  395-396 
student  difficulties,  259 
Texas  Christian  University,  147 
Research  and  Engineering  Apprentice- 
ship Pirogram 
souTid  analysis,  236 
resource  aIloca:ion  through  CAI,  317 
reversible  ceOuIar  automata,  90-92 
Risley,  Johns. 

**Physics  Academic  Software:  A 
New  AIP  Project...", 
519-520 
"Software  for  Physics  Demon- 
strations in  an  Introductory 
Physics  Class",  440-442 
Rogers,  John  A. 

"Interactive  Laser  Videodisc", 
536-540 
Rollins,  R.W. 

"Exploring  Nonlinear 
Dynamics. . .  with  Graphics 
Animation",  148-150 
Roper,  L  David 

"Physics  Simulations  for  High- 
Resolution  Color  MiaccefTipu- 
ters",  100-107 
rotating  three-dimensional  display 

computer  programs,  97 
Rouse,  Ivan  E. 

"Design,  Implementation,  and 
Performance. . .  for  General 
Physics",  218-220 
Ruiz,  Michael  J. 

"Interactive  Optics  software  for  the 
General  Student",  125-127 
Rundel,  Robert 

'The  Use  of  Eq  ation  Solvers  in 
Physics  Insti  action  and  Re- 
search", 477-479 
Russian  mathematicians,  146-147 

Sadler,  Philip 

"Intuition-Building  Tool  Kits  for 
Physical  Systems",  462-463 


St  Louis  Community  College 
online  computer  *^ting  developed, 
SIO 

•*SAKDAC-Based  Physics  in  Intro- 
ductoiy  Labs  at  Miami  University"** 
222 

Salwen,  Harold 

^Sonulauoo  Programs  for  Elemen- 
txyPbysics  Courses**,  118-119 

Sampling  of  Analog  Signals  experi- 
ment, 238 

scales  and  estimation 
phyuics  students,  46 

Scatter  sdtiymc,  139 

Schrodinger  equation 
plots  simulation,  131 
problcm-solviiig,  332-333 
simulation,  139 

Schrodinger  wave  function  integra- 
tion, 144 

scientific  exploration 
MBL  effects,  322 

scientifK:  inquiry  process,  23-24 

scientific  inuiition  tools 

Technical  Education  Research 
Ctnler,  179 

scope  of  simuk.tion  programs,  78 

Seligmann,  Peter 

**A  W(xkshop  for  Secondary 
School  Teachers  on  Using 
Computers...**,  507-508 

Semiconductor  Cnaracteristics 
experiment,  237 

semiconductors 

introductory  course,  4 1 

Semiconductors  softwaie,  143 

sensor-monitoring 
software,  234 

sequential  computers  performance, 
348f 

shareware  programs 

at  Physics  Computer  Learning 

Center,  Mo.,  502 
Sherwood,  Bruch  Ame 
^^Demonstration  of  Physics  Pro- 
grams written  in  cT*,  143-145 


"Learning  to  Use  the  cT  Lan- 
guage", 453-454 

"Practical  Advice  for  the  Creator  of 
Educational  Software**,  515-517 

"The  cT  Language  and  Its  Uses:  A 
Modem  Programnjng  Tool**, 
445-453 
Sherwood,  Judith  N. 

''Learning  to  Use  the  cT  Lan- 
guage^, 453-454 

"The  cT  Laiguage  and  Its  Uses:  A 
Modem  Ptogramming  Tool**, 
445-453 

SHM 

see  simple  harmonic  motion 
short  halMife 

experiment,  205-208 
side  effects  of  CAI,  3 17 
Siena  College 

computer  algebra  system  SMF, 
471-472 
SIGMA  software.  252 
Signell,  Peter  S. 

'Computers  and  the  Broad  Spec- 
trum of  Educational  Goals**, 
54-69 
similarity 

spreadsheet  use.  365-366 
simple  geomeuical  terms 

expression  difTiculties.  304 
simple  harmonic  motion 

spreadsheet  use,  368 
simple  pendulum 
spreadsheet  example,  386-390 
Simulation  Lab  software,  1 13-1 14 
"Simulation  Laboratory  for  General 

education  in  Nauiral  Science**, 

112-114 

"Simulation  Programs  for  Elementary 
Physics  Courses**,  118-119 

"Simulation  of  a  Rigid  Pendulum", 
114-115 

"Simulation  Software...:  Electrody- 
namics and  Quantum  Mechanics", 
134-136 

3imulations,  27-29 


conpiMapiograins,  107-108 
Couloirib, 7Ai 

couneatSuuiforo  Jniveisity, 
81-82 

diiecitiine'dqiendent,  135 
graphs  of  iiiavi:g  objects,  269-272 
Graphs  OfidTracks^  243 
as  intintioii-buildiiig  tools,  462-463 
natioaal  defense  battles,  359 
needed,  93-94 
OJ{S/7:^softwaie,461 
qiuntum  chemical  reactions,  357 
and  real  experience,  243 
star  duster,  153 

twoKliroensional  Maxwell  equa- 
tions, 135-136 
used  in  PLATO  system,  487 
vector  problems, 469f 
Sine  Wave  Generator  software,  201 
Singer,  David 

""Software  Packages  for  High 
School  Optics",  123-125 
single-answer  vpptoxh 
Dopplershfit 

spreadsheet,  371-372 
falling  in  air 

q)readsheetuse,  372 
Lorentz<ontraction 
q)readsheet,370f 
relativistic  electrons  in  linear 
acccleratm^ 
^)readsheetu$e,369 
simple  harmonic  motion 
^)readsheetu$e,  368 
Sipson,  Roger  R 

"Dynamic  Analyzer**,  476-477 
skepticism  aboul  computers,  309-316 
skills  development 

computer  use  justifled,  364-365 
skills  needed  by  industry,  57-58 
sky  simulation  software,  154 
slit  structure  * 

sound  simulations,  174f 
Smith,  Richard  C. 

**ComputerConfeiencing:  A  New 
J      Delivery  System  for  College 
[p  C6ursework**,492r499 


"Smooth  Animation  on  the  IBM  PC 
for  Lecture  Demonstrations  Using 
Rage  Hipping**,  540-541 
Snider,  John  W. 
''Interfacing  Physics  Experiments 
toaPiersonalCbmputer**,  235 
Snir,  Josq)h 

''Making  Waves:  Software  for 
Stuping  Wave  Phenomena** 
129^130 
sodium  doublet 

visible  q)ectrum,  210f 
software 

268-269 
Albert 

kinematics  tutor,  265 
algelna-based,  471-472 
ANAGRAPHASl 
Analogy-Based  Computer  Tutor, 

263-264 
Animated  Waves  and  Particles, 

119-120 
Animation  Demonstration,  441 
Apple  Graph,  200 
Applesoft  BASIC,  108,117 
iWrar,  250-251 
ASYSTANT-^,  228 
at  Physics  Computer  Learning 

Center,  Mo.,  501-502 
AuthcHT  iiiode  for  ILS/2, 455 
BASIC,  110,234 

for  online  testing,  510 

sound  analysis  experiments,  236 
BilUard,  143 
CAD,  111 
CAI  use,  363-364 
Calculator,  200 
Camera  Lenses,  126 
Collision,  140-142 
Computer  Dased  Instructions  for 

College  (or  University)  Physics, 

441 
Coulomb,  28 

Cricket  Graph,  26, 239-241 

Curve/it 
for  interactive  graphing,  475 
DaDisp  as  equation  solver,  478 
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damped  oscillators,  122 
DaiaAHafysis,2A6 
Dm4fipialEdiU>r,  200 
as  deaioiistratioiis  aids,  437-442 
Density  cfOrinuds,  429-430 
desciq[iCion  of  tutorials,  4  lg-420 
design  criteria,  S 18-S 19 
desk-top  video,  S3 1-S32 
developineot  at  Technical  Educa- 
tion Resoarces  Centers,  240 
Dopplerip[opmi  module,  128 
Duffing,  148 

educational,  515-517. 519-520 

Electric  Fields,7Q\ 
electricity  program,  43 1-432 
Election  Waves,  120 
equation  solvers,  477-478 
Eureka  as  equation  solver,  478-480 
Excheck  at  Stanford  University, 
318 

Fast  Graph,  201 

Fermat  program  module,  128 

Fermi,  2m 

FFT  routines,  236 

FORTOAN  77  software,  399 

geometrical  q^cs,  123-125 

Graphical  Analysis,  236, 249-250 

Graphs  ondTracks,  115-116, 144, 
260-261,269,282-289 

GROW/EDEN,  152 

Harmonic  Motion  Workshop,  441 

Hierarchical  Analysis  Tool,  264 

Huygens  prog;iun  module,  128 

Hydrogen  Atom,  143 

hypertext  format,  532 

ILSI2  for  interactive  courseware, 
454-456 

Impulse  Experiment,  201 

instructional  features,  421 

Instructional  Software  for  Univer- 
sity Physics,  AA\ 

integrated,  163-164 

Intelligent  Tutoring  Systems,  295 

Kakidosope,  126 

KEPLER, m 


Learning  T  :?/ for  Macintosh, 
325-32o 

Z^/iref  program  module,  128 

Linear  Optics,  143 

Logo,  469-471 

Lotus  1-2-3, 122,409 

Lotus  1-2-3 

U^.  Air  Force  Academy,  500 

low  instructional  quality,  301 

Macintosh  HyperCard,  532 

MacRascaI,110 

magnetism  program,  431-432 

Makewave,  139 

Making  Waves,  129-130 

MathCAD 
at  Physics  Computer  Learning 
Center,  Mo.,  502 

MathCAD  as  equation  solver, 
478^80 

MBL  success  studied,  187-189 

Meclumcs  for  CAI,  43 1 

Membrane,  142^143 

Microcomputer-Delivered  Prob- 
lem, 475^76 

Microsoft  QuickBASIC,  232 

Microsoft  Works,  239-240, 242 

Mttne,  143 

Modwave,  139 

More  Able, 

Motion:  A  Microcomputer-Based 

Lab,440^l 
MS  QuickBASIC,  155 
Multi,  213 

Multi-Channel  Read/Plot/Store, 
201 

Multi-Channel  Voltammeter^  201 

National  Center  for  Research  to 
Improve  Pdstsecondary  Teach- 
ing and  Learning,  517-519 

National  Science  Foundation 
College  Scientiflc  Instrumenta- 
tion funding,  125-126 

Ode 

for  differential  equations, 
480-481 
Optical  Illusions,  126 
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for  optics  Gourse,  424 
0^77:;,  461 
OSCILLATOR,46l 
Palette,  m 

partial  diiTeccrtial  equation, 

134-135 
Participate,  49^ 
FuticleMocion,120 
PtudtmdBowformxtx,  144 
Point  Five  as  equation  solver,  478 
PofyfkHnialFit,2ldl 
Practice  Exam,  126 
nesentor  mode  for  /IS/2. 455 
Prim  program  module,  128 
PSHELL,110 
^SLToolkit,l6i-m,  I65f 
publidiing  for  physics,  515-520 
Pulses  on  a  String,  274-276 
6,213 

quantum  mechanics,  138 
Quantum  Well,  144 

sc^areincT,450 
QuicKBASlC  at  Florida  State 

University,  252 
Radioactivity,  143 
RainbawTdiy  diagrams,  126 
Ray  Tracing  with  Lenses,  126 
Ray  Tracing  with  Spherical 

Mirrors,  126 
Remediating  Phyacs  Misconcep- 
tions Using  an  Analogy-Based 
Computer  Tutor,  263-264 
Scatter,  139 

Schrodinger  equation  simulation, 
139 

Semiconductors,  143 
sensor-monitoring,  234 
SIGMA,252 

Simulation  Lab,  113-114 
Sine  Wave  Generator,  201 
sky  simulation,  154 
Solar  Neighborhood  Cluster 
Dynanucs  Simulator,  153 
SpacetimeScftare,  140 
Spec^  Heat  and  Latent  Heat,  201 
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Spectrum  Calculator,  137-138 
qxeadsbeet  use  in  physics  educa- 
tion, 365-375 
Stella,  166 
superCalc3,4ffI-40i 
SuperCalc4, 122, 407-408 
SuperPilot  for  >^le,  458-459 
Swing,  143 

system  description,  216-218 
TiAula,  143 

task  ma.iagement  spproxh  to 

construction,  401 
The  Wheel 

as  equation  solver,  478 
themnodyiuunics  program,  431 
rimer,  201 

TK  Solver  Plus  for  graduates, 

465^ 
torsion  pendulum  program,  143 
Ture  BASIC,  399 
U.S.  Naval  Academy  physics 

laboratories,  200-201 
Utilities,20l 
Valid 

at  Stanford  Univ^ity,  318 
Videograph,  244-245 
Vsiual  Appearance,  141-142 
Volkswriter 

at  Physics  Computer  Learning 

Center,  Mo.,  502 
wave  phenomenon,  130 
Wavepacket,  143 
Waves 

program,  431 

program  module,  128 

tutorial,  144 
Waves  and  Pulses,  1 19-120 
Wedge,  147 
Workbench,  148-149 
"Software  P^kuges  for  High  School 

Optics**,  123-125 
"Software  for  Physics  Demonstrations 
in  an  Introductory  Physics  Class**, 
440-442 
"Software  Preparation  Workshop**, 
515 
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Solar  Neighborhood  Cluster  Dynam- 
ics Simulator  sodm,  153 

sol'idon  process 
ioleofdi9hys,297f 

**SoIiitkm  of  the  llKNiias-Rnni 
Equatioii  for  Molecules  by  an 
EfHcieiil  Relaxation  Method"*, 
402-404 

sound 

computer  programs  generation,  98 
int^^  of  compact  disc,  525 
simulations 

oscilloscopes,  169-176 
sound  waves  study,  191-192 
q)ace  science 
at  JetPnqHiIsion  Laboratory, 
35g-359 
Spacetime  program,  141f 
"Spacetime  Software:  Computer 
Graphics  Utilities.. .Special 
Rdativity,  140-142 
Spacetime  Software 

interactive  gnq)hics,  140 
Spariin,  Don  M. 
**Advanced  Laboratory  Computer 
Data  Acquisition  and  Analysis*", 
227-229 

••f.^athCAD  in  the  Modem  Kiysics 
Course**,  480 
Special  Relativity 

physics  education,  494-495 
Spec^  Heat  and  Latent  Heat 

software,  201 
si^xtrometers 
experiments,  208-213 
with  reticon  detector,  209f 
"Spectrum  Calculator  Results  from 

Student  Use^  137-138 
Spectrum  Calculator 
software,  137-138 
Spencer,  Charles  D. 

A  Parallel  Approach  to  Data 
Acquisition  and  Control", 
231-233 
A  Workshq)  for  Secondary 
School  Teachers  on  Using 
Computers.*.**,  507-508 


spreadsheets 
applications*  408 
commai Js  and  functions,  408 
commercial,  409 
and  computational  physics, 

329^13 
cost  survey,  393 
creating  template,  408 
electronic,  407-408 
example,  382^398 
£xcif/,  365-366 
andgnq)hics 

calculations  and  modeling,  27 

linearization,  25-26 
Lotus  1-2-3  software,  365, 500 
Lotus  Symphony,  366 
organization  and  operation,  408 
PowerPlan,  365 
problem-solving  tool,  406-407 
qualities,  396-397 
Quattro,  365 
research  use,  395-396 
software 

use  in  physics  education, 
365-375 
SuperCalc,  365 
teaching  uses,  393-395 
used  in  simple  harmoi  ic  motion, 

368,369f 
"Spreadsheets  in  Research  and 

Instruction**,  382-398 
square  wave  analysis 

sound  simulations,  174f 
staff  use,  68 

standardization  and  quality  control 
withCAI,?i7 

Standing  Waves 

EDUCOM/NCRIPTAL  award,  1 1 
software  animations,  95 
software  development,  12 
spreadsheet  use,  410f,  41  If 
University  of  Tennessee  program, 
11-13 

Stanford  University 

simulation  course  use,  81-82 
Valid  software  use,  318 
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^'Siar  Qttster  Dynamics  Simulation 

with  Dark  Matter 
stardusiersimulation^  153 
Starobinets,  Boris 

^IX  Afidocomputer-Based 
Logger^,  248-249 
states  of  matter 

imrodudofy  course*  4 1 
Staodemnaier^ILM 

Xompoterized  Experiments  in 
Physics  Instructioa'*,  237-239 
Si^fla  software,  166 
Stevens  Institute  of  Technology*  N  J. 

simulation  programs,  118-119 
stochastic  cellular  automata,  92 
storage 

CDROMcapabUiiy,537 
streamlines  patterns,  33Sf 
string  manipulations 

usi»igcT,448 
structures  calculations 

using  cT,  448 
students 

computer-literate,  233 

computers  and  research,  266-268 

grq)hsinr  Iations,269 

incorrect  gn^hs,28Sf 

individualized  evaluation  of 
solutions,  319-320 

introductory  physics  laboratories, 
251 

with  laboratory 

compared  to  those  without,  186t 
learning 

evaluation,  422-423 

retention  and  computer  use,  268 
Microcomputer-Detivered  Problem 

software  use,  426 
multicourse  menu  in  physics, 

376^378 
physics  interactive  courseware  at 

U.S*  Military  Academy, 

463^ 
problem-solving  projects,  406-407 
projects»20 


projectile-motion  simulation.  111 

requirements  for  BASIC,  1 10 

research  on  difficulties,  259 

as  scientists,  166-168 

spreadsheet  use,  367 

underst«)ding  studies 
University  of  Washington,  269 

wave  motion  studies,  276 
''Students'  Construction  (tf  Concept 

ISaps  Using  Learning  Tool", 

325-326 
Sun  3/260  computer 

SA/P  use,  471-472 
Sun  computer 

using  cT,  445 
SuperCalcS  and  SuperCalc4 

for  grs^-pk)tting,  407-408 

software,  407-408 
SuperCalc4  software,  122 
SuperCalc 

qvreadsheet  for  Apple  II,  365 
supercollider 

computer  programs,  98 
supercomputers,  349f ,  355-360 
supercomputing  in  science,  346-361 
superconductcxs 

introductory  course,  41 

program  possibility,  99 
superfluid 

program  possibility,  99 
SuperPilot  software  for  Apple, 

458^59 
Swanson,  Richard  E. 

Teaching  Physics  with  the  Aid  of 
a  Local  Area  Nawork", 
508-509 
Sweet  Briar  College 

computers  in  college  physics, 
503-505 
Swing  software,  143 

Tabula  software,  143 
Tanner,  James  M. 

"ILS/2:  An  Interactive  Learning 
System",  454-456 
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''Intefactive  Physics  Pinoblems  for  the 

Microcomputer^,  463-464 
TaranuRichaidW. 

Animated  Chalkboard 
(Updated)",  438-440 
**Uiiited  States  Energy  Simulator^, 
13J-134 
task  environment 
CAI  expertise.  296^297 
displays,  296 
task  management 
computer  piogram  construction, 
400-402 
Tayk)r,  Edwin  F. 
''Spacetime  Software:  Computer 
GnqiMcs  Utiliti^^. .  .Special 
Relativity",  140-142 
••What  Works:  Settings  for  Com- 
puter Innovates. 3 
teacher  workshc^  on  sensor-monitor- 
ing software^  234 
'Teaching  Computational  Physics", 

329^-337,398 
'Teaching  High  School  Suidenis  to 
Write  Physics  Simulations", 
110-111 
teaching  physics 
LCDuse,S41 
teaching  pn4)lem  solving,  265-266 
Technical  Education  Research 
Centers,?-^ 
MBL  probes,  220-221 
scientific  intuition  tools,  179 
Technical  Education  Resources 
Centers 

software  devek^ment,  240 
templates 

for  Pascal  programming,  466468 

for2q)rcadsheets,408 
tension  in  strings 

ejqxtsnon  diffkulties,  305 
lERC,  see  Technical  Education 

Research  Centers  Inc. 
tenninals 

cost  effectiveness,  489 


tetrahedron  plot  simulation,  344f 

Texas  Christian  University 
research,  147 
text  dominance,  33 
text  programs 

computers,  107 
'The  Animated  Chalkboard  (Up- 

dated)",438-440 
'The  cT  L4mguage  and  Its  Uses:  A 

Modem  Pirogramming  Toor« 

445-453 

'The  Effects  of  Microcomputer-Based 
Lab. .  .Refraction  of  Light", 
322-323 

"The  Evaluation  of  Educational 
Software:  The  EDUCOM/NCRIP- 
TAL  Higher  Education  Soft- 
ware...", 517-519 

"The  Evolution  of  Computer  Simula- 
tions in  Physics  Teaching",  112 

'The  'Mechanical  Universe*  Vide- 
odisc Project",  536 

"The  Personal  Computer  Impact  on 
Physics  Education  at  USAF 
Academy",  499^501 

"The  TensKM*  in  the  String  of  a  Simple 
Pendulum",  226-227 

"The  Use  of  Equation  Solvers  in 
Physics  Instruction  and  Research", 
477-^79 

The  Wheel 

equation  solver  software,  478 

Thematic  Option  Honors  Program 
use  research,  114 

theoretical  physics  and  computers,  6-7 

theory-building  tools,  164-166 

thermodynamics 
experiments,  253-254 
reversible  cellular  automata,  91 
software  program,  431 

thin  lenses  Uitorial,  124-125 

Thompson,  J.D. 

"AS YST,  a  Tool  for  Physicists", 
250-751 
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niompson,  William  J. 
"^Introducing  Computation  to 
Physics  Students-,  375-381 
Thomtoo,  Ronald  K. 
'Ijcaming  Physics  Concepts  with 
Microcomputer-Based  Laborato- 
ries^ 223-224 
*Tools  for  Scientific  Thinking: 
Learning. .  .Measurement 
Tods^  177-189 
Timer  scrftware,  201 
Trnkcr^RP. 

"Computer-Bascd  Tools:  Rhyme'', 
159^168 
Tinker,  Robert 

not  in  favor  of  TERC,  7-9 
TK  Solver 
algebraic  equation  solvers  program, 
482 

TK  Solver  Plus  s^rftwarc  for  graduates, 
465 

Tobochnik,Jan 

**Using  Computer  Experiments  in 
Standard  Physics  Courses", 
399-400 
•Tools  for  Scientific  Thinking: 
Learning. .  .Measurement  Tools**, 
1VM89 

Tools  for  Scientific  Thinking  project, 

179-181,223 
torsion  pendulum  software,  143 
tivulitional  physics 

compared  to  courseware,  73t 
traditional  curriculum,  15-16 
transistor  buget,3S0f 
transition  simulation,  81 
transverse  di^lacement  graphs,  27Sf 
transverse  pulses  gnQ)hs,  274-276 
Trowbridge,  David 

"Gn^hs  and  Tracks**,  115-116 
Trowbridge,  David  E. 

"Applying  Research 
to.  •  .Development. .  .Computer- 
Assisted  Instruction**,  282-29 


^^Demonstration  of  Physics  Pro- 
grams Written  in  cT**,  143-145 
True  BASIC  software,  399 
TUDOR 

IBM  compaUbility,  489 
Macintosh  compatibility,  489 
TufiUaro,  Nicholas  B. 
'^Automata  on  the  Mac**,  151 
''Bouncing  Ball  Simulation 

System",  150^151 
''Ode:  A  Numerical  Simulation  of 
Ordinary  Differential  Equa* 
tions-,  480^81 
Tufts  University 
Center  for  Science  and  Mathemat- 
ics Teaching,  179 
Turbo  Pascal  4.0  software 

templates,  467 
Turbo  Pascal 
computer  language,  148, 425 

for  M.U  J>.P£.T.  project,  456 
for  introductory  physics  courses, 
460 

Turner,  Louis  C. 

"Tutorials  on  Motion",  428-429 
tutor 

electric  circuit  problems,  266 
TUTOR  computer  language 

used  in  NovaNET  system,  485, 489 
tutorials 
on  acceleration,  419-420, 428 
computer  i^ograms,  107 
Density  ofOrbitals,  429-430 
episode  phases,  298f,  299 
on  motion,  428 
PLATO  system,  486487 
self-paced 

at  Sweet  Briar  College,  504 
simulation 

connecting  graphs  and  actual 

motions,  260-261 
velocity  concept,  ?59-260 
'Tutorials  on  Motion",  4 17-423, 
428-429 
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two-dimensional  Maxwell  equations 
^''mulations,  135-136 
VS.  Air  Force  Academy 
computers  and  problem-solving, 
425 

LANinsiaUed«508 

Zenith  248  computers  use,  499 
U.S.  Department  of  Education 

MISEP  grant  to  Morgan  State 
University,  458 
U.S.  Military  Academy 

interactive  {diysics  courseware 
developinentt  463-464 
U.S.  Naval  Academy 

computer  use,  197-203 
UAL,  see  universal  analog  lab 
ubiquity 

q)f«Klsheetuse,  365 
UHE,  see  Ultra-High  Energy,  214 
Ultra-High  Energy 

experiment,  214 
uncertainty  principle 

sound  simukoions,  175f,  176f 
undergraduates 

astronomy  course,  154 

computer  use,  54-69 

experimental  physics,  204 

professional  training  skills  lacking, 
16 

underpinning  physics  education, 

303^305 
''United  States  Energy  Simulator", 

133-134 
United  States  Energy  Simulator 

software 

Montana  State  University,  133-134 
universal  analog  lab,  160 
universal  serial  interface,  161 
University  of  Akron,  Ohio 

Api^  computer  use,  421-422 
University  of  California,  Irvine 

course  devek)pn)ent,  37 

PLATO  tutorial  system,  53 
University  of  Illinois 

NovaNET  system  use,  485-492 

O 
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HLATO  system  use,  485-492 
University  of  Karsruhe,  FRG 
computerized  experiments  in 
physfcs  instniction'*,  237-239 
University  of  Maryland 

i  «)jcct  M.UPP.E.T.,  45-46 
University  of  Missouri-Holla 
data  acquisition  experiments, 
227-229 

Physics  Computer  Learning  Center, 
501 

University  of  Nofth  Carolina 

physics  course  design,  379-380 
University  of  Oregon 

results  of  kinematics  study, 
183-187 
University  of  Pittsburgh 
research  on  '^omputer  use  and 
education,  257 
University  of  Southern  California 
genersd  science  curriculum,  1 12 
University  of  Tennessee 

Standing  H^avf 5 program,  11-13 
University  of  Washington 
Physics  Education  Group,  259, 
269,274 
University  of  West  FkKida 
physk:s  course,  494495 
UNIX  operating  system 

software,  481 
unmanned  probes 
Jet  Propulsion  Laboratory  project, 
358-359 

"Upper-Level  Experimental  Physics", 
203-213 

use,  see  University  of  Southern 
California 

"Use  of  Mkrocomputer  in  Introduc- 
tory I^aboratories  at  Ohio  State", 
224-225 

USI,  see  universal  serial  interfiace 

"Using  a  Canputer  Bulletin  Board", 
511 

"Using  Computer  Experiments  in 
Standard  Physics  Courses", 
399-400 
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"^sing  Conqmter  Simrlations  of 

OrbitdMoCkmMn 
"^stng  Vernier's  Oiiphical  Analysis 

in  Physics  Ubt^  249-250 
"^sing  Videodiscs  Interactively  with 

HyperCanr^ZS 
utili^ 

for  teaching  physics*  475-482 
(/(flitfef  software,  201 

Votitf  software.  318 
variaUe^sain  Hall  Effect  ampiificr* 
190f 

VAXl  1/780  computer,  356 
VAX  computers,  213-214 
VAX  network 

SMi»use,47M72 
VAX-750  computer 

instruction  us«^  237-238 
VAX-880(y2  computers,  100 
ector  problems  simulation,  469f 
^tors 

expression  difliculties,  305 
VELA,  see  Versatile  Laboratory  Aid 
vetodty-vs^-time  graphs 
question  results,  184f 
verbal  interpretation  of  noios 

expression  difliculties,  303-304 
Vernier,  D^vidL 
""A  Collection  of  Laboratory 
Interfacing  Ideas**,  189-197 
Versatile  Laboratory  Aid 
FFT  routines  use»  236 
vibrating  beam  animadon 
computer  programs,  97 
Vic*20 computers.  111 
videodisc  playtn,  530, 534 
videodisc  systems  available,  534 
vHleodisc/conqxiter  grsphics  overlay 
ray  diagrams  and  optical  systems, 
262-263 
videodiscs 
in  physics  education,  433-434, 
S23-S41 

VideoGraph:  A  New  Way  to  Study 
Kinematics**,  244-245 
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Videograph  software,  244-245 
Virginia  Polytechnic  Institute  and 

State  Univcnity 

PHYSICS  program,  100 
vision 

parallel  computers  use,  357 
Visscher,RB. 

^'Simulation  Softwtt>e..«:  Elecux>- 
dynamics  and  Quanuun  Me- 
chanicu**,  134-136 
Visual  ^ipearance  denKxistnition 

program,  141-142 
visual  meiisphors  creation,  136 
"Visual  nK)togate  Timing  and 

Gnpt  icjd  Data  Analysis**,  240-241 
visualization 

e}q)itssion  difTiculties,  307-308 

for  physics,  523-541 
visualizing  functions 

using  TK  Solver  Plus  software, 
465-466 
Volkswriter  software 

Jit  Physics  C  iput^jr  Learning 
Center.  I  5(;2 
voltage  reference  circuit,  196f 
VPI,  see  Virginia  PoV^lechnic  Institute 

Walker,  David 

''Concuntm  Siq)ercomputer$  in 
Science**,  346-361 
water  waves 

computer  programs,  96 
Wave  BASIC  program,  118 
wave  packet  spatial  broadening 

undergraduates,  139 
wave  phenomena 

commercial  ^Nieadshects  use,  409 

software,  130 
wave  pulses 

e)q)ression  difficulties,  307 
wavefengt!is  computations,  138 
Wavepacketsdivmst,  143 
waves 

algorithms  on  computers,  94-95 
demonstration,  80 
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grotjpsamnMtkm 
computer  piogiams,  97 
andinierfera)oe.86 
lefleciikmaniinMkm 
compoier  programs,  98 
Waves 

90.>w«e.  144,431 

aoikwst  program  module,  128 
Waves  end  Piibeseoftwttt,  119 
IVed[fesoftwiro,  147 
Weir,  Harvey 

**Tbe  Evolution  of  Computer 
Siruilstions  in  Physics  Teach- 
ing-, 112 
Western  Reserve  Academy 

software  use  by  students,  421-422 
white  dwarf  equation  of  state 

qmidsheet  example,  390-392 
Whitney,  Charles  A. 

""Intiition-BuildingTool  Kits  for 
Physical  Systems*,  462-463 
Wilson,  Jack  M 

"XSuinging  the  Inuoductory  Physics 
to  RrqMue  Physics  Students  of 
1990s-,  44-54 
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Software  Contents 


For  the  Macintosh 
(oGGkoiskettes) 

Diskl 

Spacetimeand 
Collision 
E.  R  Taylor 

MacScope 
E.  R.  Huggins 

Disk  2 

Density  of  Orbitals 
J.  W.  Gardner 

Bouncing  Ball 
N.  B.TufiUaroand 
T.  A.  Abbott 

Fixed  and  Free  Reflection, 
Friction,  Car  &  Truck,  and 
Hunter  Monkey 
1.  A.  MiUer 


For  the  Amiga 
Disk  3 

Scattering  of  a  Wave 
Packet  from  a  Potential 
J.  E.  Lewis 


For  the  IBM-PC 

Disk  4 

Sample  Chapters  from 
Computer-Based 
Instruction  for 
University  Physics 
J.  R.  Priest 

Rigid  Pendulum  Simulation 
J.  A.  Goodman 

Disks 

Optics  Demonstrations 
U.  E.  Knise 

Disk  6 

Microcomputer-Delivered 
Problem  System 
R.  C.Engerand 
G.  L.  Loienzen 

Disk? 

Sample  Simulations  from 
Fields  and 
Electromagnetism 
P.  B.  Visscher 

Disks 

Spacetime 

.  r.  layM 

Disk  9 

Collision 
E.  F.  Taylor 


Disk  10 

Dynamic  Analyzer 
R.  E  Simpson 

Disk  11 

Simulation  Lab 
M.RKriegeran(l 
R.  N.Martin 

A\vO'Dimensional  Ising 
Model  Simulation 
J.R.Fbx 

Billiardina 
Gravitational  Field 
B.  N.  Miller  and 
H.  Lehtihet 

Solar  Neighborhood 
Cluster  Dynamics 
Simulator 
J.J,  Dykia 

Disks  12  and  13 

The  Ohio  University 
Chaotic  Dynamics 
Workbench 
R.  W.Rollins 

Disk  14 

Physics  Spreadsheets 
for  Lotus  1 '2-3 
R.  Novak 

Physics  Spreadsheets 
for  Student  Edition  of 
Lotus  1-2  3 
G.  Hept 
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GnpUcs  Package 
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Particks 

E.T.Lane 
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Disk  18 
Orbital  Motion 
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Disk  19 

Electric  Fields  Lab 

Diskette 
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Sound 

D.  C.Jain 
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